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ABSTRACT 
 Human activities such as fossil fuel combustion and deforestation have increased 
atmospheric concentrations of carbon dioxide, reactive nitrogen, and other greenhouse 
gases. As a result, Earth's surface has warmed by 0.85 °C since the pre-industrial era and 
will continue to warm. Many northern latitude temperate forest ecosystems mitigate the 
effects of both elevated carbon dioxide and atmospheric nitrogen deposition through 
retention of carbon and nitrogen in plants and soils. However, the continued ability of 
these ecosystems to store carbon and nitrogen will be altered with continued climate 
change. Warmer winters will lead to reduced depth and duration of snowpack, which 
insulates soils from cold winter air. Climate change over the next century will therefore 
affect soil temperatures in northern temperate forests in opposing directions across 
seasons, with warmer soils in the growing season and colder, more variable soil 
temperatures in winter. Warmer growing seasons generally increase ecosystem uptake 
and storage of carbon and nitrogen, whereas a smaller snowpack and colder soils in 
winter reduce rates of ecosystem nutrient cycling and plant growth. My dissertation aims 
  viii 
to understand how climate change in the growing season and winter interact to affect 
function and nitrogen cycling in northern hardwood forest ecosystems. I accomplished 
this goal through formal literature review and two climate change manipulation 
experiments at Hubbard Brook Experimental Forest, NH. I found that although 67% of 
climate change experiments were conducted in seasonally snow covered ecosystems, 
only 14% take into account the effects of distinct climate changes in winter. By 
simulating climate change across seasons, I demonstrated that changes in nitrogen 
cycling caused by increased soil freezing in winter are not offset by warming in the 
growing season. Moreover, shifts in plant function due to winter climate change are 
mediated through a combination of changes in snow depth, soil temperature, and plant-
herbivore interactions that differentially affect above- and belowground plant 
components. These results would not be evident from examining climate change in either 
the growing season or winter alone and demonstrate the need for considering seasonally 
distinct climate change to determine how nitrogen and carbon cycling will change in the 
future. 
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CHAPTER ONE: INTRODUCTION 
 Human activities, particularly combustion of fossil fuels and deforestation, have 
increased atmospheric concentrations of carbon dioxide (CO2) and other greenhouse 
gases (Ciais et al., 2013). As a result, the Earth's surface has warmed by 0.85 °C since the 
pre-industrial era (Hartmann et al., 2013). Rates of anthropogenic emissions of CO2 
greatly exceed the rate of CO2 accumulation in the atmosphere because over half of 
anthropogenic carbon (C) has been taken up and stored in the biosphere by natural 
processes (Ciais et al., 2013). The terrestrial biosphere alone has offset the equivalent of 
~29% of anthropogenic C emissions over the last century (Le Quéré et al., 2015), largely 
driven by C uptake in forest ecosystems (Pan et al., 2011). However, coupled carbon-
climate models do not agree as to how this sink will be affected by further projected 
changes in climate that impact forest ecosystem function (Friedlingstein et al., 2014).  
 Forest ecosystems remove CO2 from the atmosphere through photosynthesis and 
store it in vegetation and soils; they also release CO2 through respiration by plants and 
microorganisms. The strength of the forest sink for C depends on the balance between 
photosynthesis and respiration.  Forests ecosystems are also effective at retaining excess 
reactive nitrogen (N) in the environment (Templer et al., 2012; Fowler et al., 2013). 
Although N is a critical nutrient for plants and is often limiting to terrestrial primary 
productivity (Howarth & Marino 2006), global quantities of reactive N have been more 
than doubled globally by human activities (Galloway et al., 2004). Excessive N in the 
environment can lead to a cascade of negative effects on ecosystem function, including 
reductions in biodiversity, lake and stream acidification, and coastal eutrophication 
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(Galloway et al., 2003). In addition, altered patterns of N availability and cycling through 
forest ecosystems can impact ecosystem productivity and affect rates of C uptake and 
storage (Thomas et al., 2010; Fleischer et al., 2013). The magnitude of future change in 
climate will depend on both human choices regarding continued consumption of fossil 
fuels and land management, as well as on the effects of climate change on the continued 
capacity of natural ecosystems to absorb anthropogenic C and N emissions (Collins et al., 
2013).  
  Forest ecosystem C and N cycling is controlled to a large extent by 
environmental factors, including soil and air temperature and patterns and forms of 
precipitation (i.e., rain, snow, fog). Climate changes around the globe have led to 
increases in mean land surface temperatures (Hansen et al., 2010; Lawrimore et al., 2011; 
Jones et al., 2012; Rohde et al., 2013), altered patterns of precipitation (Smith et al., 
2012), and increased occurrence of extreme temperature events (Hartmann et al., 2013) 
over the last several decades. The manifestations of continued Earth surface warming on 
these important environmental characteristics are projected to vary geographically and 
seasonally. Temperatures are expected to increase over the next century most strongly at 
high latitudes (Pithan & Mauritsen, 2014) and during winter months (Xia et al., 2014), 
which will have a large influence on seasonally snow covered ecosystems, including 
many temperate and boreal forests at mid and high latitudes and elevations (Brown & 
Mote, 2009). While increased air temperatures in the snow-free season will likely lead to 
parallel increases in soil temperatures (Smerdon et al., 2004), the effect of changing 
winter air temperatures on soils is mediated through changes in depth and duration of 
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snowpack in snow-covered regions (Zhang, 2005; Lawrence & Slater, 2010).  For 
example, in some tundra regions where increased winter precipitation as snow is 
projected, an increased depth and/or duration of an insulating snowpack is expected to 
lead to to warmer winter soil temperatures (Sturm et al., 2005). In other historically 
snow-covered tundra, boreal, and temperate regions, snowpack depth and duration are 
expected to decline due to increased air temperatures and rain, rather than snow events in 
winter (Hayhoe et al., 2007). Because a thick snowpack insulates soils, a smaller or more 
intermittent snowpack exposes soils to below-freezing air temperatures, leading to colder 
soils with increased temperature variability (Decker et al., 2003). These shifts in climate 
throughout the year could have important effects on processes that control C and N 
cycling and are therefore of great interest to researchers attempting to understand the 
future of the terrestrial C sink.  
 Many field and laboratory temperature-manipulation studies have been conducted 
in recent decades to evaluate the impact of warmer air and soil temperatures on forest 
ecosystem C and N uptake and retention.  Increased soil and air temperatures in the 
growing season or year round accelerate belowground soil microbial activity and enhance 
soil respiration (Rustad et al., 2001; Aerts, 2006; Bai et al., 2013), while also leading to 
increased plant uptake and storage of nutrients and C (Lu et al., 2013a). In contrast to 
effects of warming soil temperatures, reduced snow depth and colder soil temperatures 
lead to decreased rates of microbial activity (Durán et al., 2016), soil respiration 
(Blankinship & Hart, 2012), as well as uptake (Campbell et al., 2014) and foliar 
allocation (Li et al., 2016) of N by plants. Yet, most studies have only examined growing 
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season or winter climate change in isolation. Relatively little is known about how the 
effects of climate change on soil temperatures in the snow-free growing season interact 
with winter climate change to affect net annual C and N cycling. 
 In the northeastern United States, forest ecosystems make up 60% of total 
regional land area (Lu et al., 2013b), are responsible for approximately 10% of annual C 
sequestration by U.S. forests (Woodbury et al., 2007; Lu et al., 2013b), and can retain up 
to 90% of atmospheric N deposition (Yanai et al., 2013).  Over the last five decades, 
mean annual air temperatures have risen by 0.25 °C per decade with an accelerated rate 
of 0.70 °C per decade in winter (Hayhoe et al., 2007). These trends are expected to 
continue with air temperatures projected to rise by an additional 3 to 5 °C by the year 
2100 (Hayhoe et al., 2007). As winter temperatures have risen, maximum winter 
snowpack depth and duration over the same time period have declined by approximately 
25 cm and 21 days, respectively (Campbell et al., 2010). Maximum snowpack depth is 
expected to decline by an additional 50 cm by the year 2100 in this region (Hayhoe et al., 
2007). With a shallower and more intermittent snowpack, the frequency of soil 
freeze/thaw cycles in winter are projected to increase over the next century (Campbell et 
al., 2010). While the effects of either warmer soils in the growing season or colder soils 
in winter separately are well studied for this region's forest ecosystems (Rustad & 
Fernandez, 1998; Groffman et al., 2001; Melillo et al., 2011; Campbell et al., 2014), the 
interactive effects of climate changes across seasons on annual plant uptake and 
ecosystem retention or loss of C and N are unknown. 
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Dissertation Overview 
 The objective of my dissertation was to understand how distinct manifestations of 
climate change across seasons interact to affect terrestrial ecosystem function, 
specifically in northern hardwood forest ecosystems. I used a two pronged approach to 
accomplish this objective.  The first was to review and synthesize the literature on 
experimental climate manipulations around the globe to assess how researchers address 
the distinct climate changes projected for winter in seasonally snow covered ecosystems. 
The second was to conduct a climate change manipulation experiment at two different 
scales, one at the forest ecosystem-scale and the other a mesocosm-scale experiment with 
140 maple saplings to determine how the projected climate changes across the winter and 
snow-free season in the northeast U.S. will influence plant-mediated biogeochemical 
cycling of N and C in northern hardwood forest ecosystems.  
 In Chapter 2, I reviewed the published literature to assess how winter was treated 
in climate change experiments conducted over the past three decades. I found that most 
studies in snow-covered ecosystems either examined the snow-free growing season only 
without accounting for climate changes in winter or used the same magnitude of warming 
treatment throughout the year. Few experiments employed distinct winter manipulations 
that reflect the actual projected changes in winter for snow-covered regions. Results of 
this chapter show that there is a gap in our understanding of how climate change in winter 
and the growing season interact to affect ecosystem processes across tundra, forest, and 
grasslands subject to seasonal snow cover. I conclude from this work that in regions with 
historically consistent deep and long-duration snowpacks in winter, it is particularly 
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important to consider how climate change dynamics unique to the winter period influence 
ecosystem processes since they are likely to manifest in changes in ecosystem function 
differently from climate changes during the growing season alone.  
 In Chapter 3, I describe the results of a field experiment conducted at Hubbard 
Brook Experimental Forest (HBEF) to assess the combined effects of climate change 
across seasons on ecosystem N retention in northern hardwood forests. I established plots 
in a mixed red maple-beech-birch forest in 2012 that experienced one of three 
temperature treatments: ambient temperature year-round, growing season warming, or 
growing season warming coupled with freeze-thaw cycles in winter. Following two years 
of experimental treatment, I found that freeze-thaw cycles in winter damaged roots and 
reduced rates of N uptake by tree roots, leading to a pulse of N in soil solution during the 
early growing season.  During the peak growing season, warming combined with freeze-
thaw cycles elevated foliar N, while warming either alone or in combination with freeze-
thaw cycles reduced root N uptake, but did not affect soil solution N.  Together, these 
results show that projected changes in climate over the next century will lead to reduced 
root N uptake capacity by trees and could lead to ecosystem losses of N. Also, this work 
demonstrates that climate change across seasons needs to be considered to predict how 
and whether northern hardwood forests will retain or lose N over the next century. 
 In Chapter 4, I describe results of a mesocosm experiment at HBEF to assess the 
combined effects of warmer growing seasons with increasing frequency of freeze-thaw 
cycles in winter on ecosystem N retention and C uptake by maple saplings.  I planted 70 
Acer saccharum (sugar maple) and 70 Acer rubrum (red maple) saplings and applied one 
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of seven treatments: ambient temperatures, growing season warming, growing season 
warming coupled with two, four, six, or eight freeze-thaw cycles, and snow removal in 
winter with ambient temperatures in the growing season. I found that increasing 
frequency of soil freeze thaw cycles in winter lead to greater root damage in sugar maple 
saplings, but not in red maple saplings. There were no significant treatment effects on N 
content of red or sugar maple foliage or metrics of C uptake and net productivity. I found 
that winter stem herbivory on sugar maple stems by rodents is correlated positively with 
snowpack depth, suggesting that a relatively thick snowpack protects rodents and leads to 
increased grazing activity. These results indicate that a reduction in depth and duration of 
winter snowpack that leads to higher frequency of freeze-thaw cycles increases 
belowground damage to sugar maple saplings, but could protect young trees from 
aboveground winter herbivory damage. 
 Finally, in Chapter 5 I summarize the findings from my review of the literature 
and the results of the two climate change experiments at HBEF. I discuss the implications 
of my findings for the function of forest trees in a changing climate and the importance of 
considering the interaction of climate changes across seasons to projecting the future of 
the terrestrial C and N cycles.  As a final point, I describe future directions of research 
that may help disentangle the interactions of climate change across seasons and help to 
better project terrestrial ecosystem dynamics over the next century. 
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CHAPTER TWO: WHAT ABOUT WINTER? INTEGRATING THE MISSING 
SEASON INTO CLIMATE CHANGE EXPERIMENTS IN SEASONALLY 
SNOW-COVERED ECOSYSTEMS 
 
ABSTRACT 
Ecosystem-scale climate warming experiments have provided insight into the 
future dynamics of terrestrial ecosystem processes. In seasonally snow covered regions, 
changes in winter soil temperatures are largely mediated through shifts in depth and 
duration of snowpack that have implications for ecosystem processes. Despite known 
effects of changes in snowpack dynamics on ecosystem processes, the extent to which 
climate warming experiments integrate winter climate change is unclear. Identifying how 
previous warming studies have addressed changes in winter climate is important for 
understanding what is known about interacting effects of climate change across seasons 
and to highlight gaps in our understanding of ecosystem responses to climate change 
throughout the year. We reviewed 95 published ecosystem-scale climate change 
manipulation experiments spanning three decades that simulated warmer growing season 
temperatures and characterized how each experiment applied warming treatment 
throughout the year. We found that although 67% of experiments were conducted in 
seasonally snow covered ecosystems, only 14% explicitly manipulated the winter climate 
to reflect projected changes in winter soil temperatures over the next several decades. 
Experiments that manipulated both winter and the growing season climate employed a 
variety of passive and active warming methods. Aboveground active methods most 
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realistically simulated projected changes in soil temperature that will be mediated 
through changes in snow cover. Experiments with distinct winter treatments were 
distributed among tundra, forest, and grassland ecosystems and together show that shifts 
in winter climate have a strong influence on, and in some cases offset, observed 
responses to experimental warming in the growing season alone or across the year.   
 
INTRODUCTION 
 Mean annual air temperatures around the world are rising (Hartmann et al., 2013) 
and there is an urgent need to understand how continued climate warming will alter 
terrestrial ecosystem function (Friedlingstein et al., 2014). Over the past several decades 
the development of ecosystem-scale experiments that simulate warmer temperatures has 
provided important insight into ecosystem responses to climate change, helped refine 
climate models (Leuzinger & Thomas, 2011; Dukes et al., 2014), and generated new 
theories of ecosystem dynamics (Allison et al., 2010). Temperatures are expected to 
increase most strongly at high latitudes (Pithan & Mauritsen, 2014) and during winter 
months (Xia et al., 2014), which will have a large influence on seasonally snow covered 
ecosystems in mid and high latitudes and elevations (Brown & Mote, 2009). Yet, there 
has not been a systematic assessment of whether and to what degree warming 
experiments have addressed winter climate change in snow-covered ecosystems. The 
influence of winter climate change on ecosystem responses to warming may have 
important implications for our understanding of terrestrial ecosystem function in a 
changing climate. 
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 Over 45% percent of land area in the northern hemisphere is subject to seasonal 
snow cover (Zhang et al., 2003) where effects of climate change on winter soil 
temperatures will be largely mediated through shifts in depth and duration of snowpack 
(Zhang, 2005; Lawrence & Slater, 2010). The high porosity and air content of snow make 
it an excellent insulator (Pomeroy & Brun, 1990) that maintains above-freezing 
temperatures in soils even when air temperatures above the snowpack are well below 0 
°C (Decker et al., 2003). In some tundra regions where increased winter precipitation as 
snow is projected, an increased depth and/or duration of insulating snowpack is expected 
to lead to warmer winter soil temperatures (Sturm et al., 2005). In other historically 
snow-covered tundra, boreal, and temperate regions where snowpack depth and duration 
are expected to decline (Brown & Mote, 2009), the loss of insulating snowpack will 
result in colder and more variable winter soil temperatures as a result of exposure of soils 
to cold winter air (Groffman et al., 2001; Henry, 2008; Brown & DeGaetano, 2011). 
Because soil temperatures influence both below- and aboveground processes with 
implications for overall ecosystem function (Kaspar & Bland, 1992; Lloyd & Taylor, 
1994), an understanding of how ecosystems respond to changes in both air and soil 
temperatures is critical.  
Syntheses of findings from warming experiments indicate that warmer growing 
seasons generally accelerate rates of soil nutrient cycling and increase plant uptake of 
carbon (Rustad et al., 2001; Lin et al., 2010; Bai et al., 2013; Lu et al., 2013a). Although 
winter processes have typically been understudied relative to the growing season 
(Campbell & Mitchell, 2005; Kreyling, 2010), there is mounting evidence that biological 
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processes in winter contribute significantly to annual nutrient and carbon fluxes 
(Groffman et al., 2012; Makoto et al., 2014). In addition, a growing body of literature on 
the effects of winter climate change demonstrates that changes in winter soil temperatures 
can have cascading effects on growing season ecosystem processes (Matzner & Borken, 
2008; Wipf & Rixen, 2010; Blankinship & Hart, 2012; Bokhorst et al., 2012; Kreyling et 
al., 2012, 2013; Makoto et al., 2014; Williams et al., 2014; Li et al., 2016)(Matzner & 
Borken, 2008; Bokhorst et al., 2010; Kreyling, 2010; Wipf & Rixen, 2010; Blankinship 
& Hart, 2012; Makoto et al., 2014; Williams et al., 2014; Li et al., 2016). For example, 
decreased depth and/or duration of winter snowpack lead to colder or more variable 
winter soil temperatures across tundra, forest, and grassland ecosystems and lead to 
reduced rates soil nutrient cycling, increased annual soil carbon and nitrogen losses, and 
reduced plant and microbial nitrogen (Matzner & Borken, 2008; Wipf & Rixen, 2010; 
Blankinship & Hart, 2012; Li et al., 2016). Responses to increased depth and/or duration 
of winter snowpack include shifts in timing of plant phenology, increased overwinter soil 
carbon and nitrogen mineralization, and enhanced plant and microbial nitrogen content 
(Schimel et al., 2004; Nowinski et al., 2010; Wipf & Rixen, 2010; Li et al., 2016). 
Findings from experiments that isolate the effects of climate change in winter are often 
contradictory to findings from experiments that manipulate growing season only or year-
round temperatures (Figure 2.1). 
Despite known effects of winter climate change on ecosystem processes in 
seasonally snow covered environments, the extent to which warming experiments 
incorporate changes in winter climate is unclear. Identifying how previous warming 
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studies have addressed changes in winter climate is important for understanding what is 
known about cross-seasonal interactions and to highlight gaps in our understanding of 
ecosystem responses to climate change. We examined climate change experiments 
published over the past three decades to evaluate the following questions: 1) How have 
winter soil temperatures been manipulated in experiments that isolate effects of winter 
climate? 2) Where have experiments that examine growing season warming been 
conducted and how have they addressed winter? 3) How have researchers created distinct 
winter and growing season temperature treatments in ecosystem-scale experiments? 4) 
How do findings from experiments that manipulate winter and growing season climate 
together differ from those that manipulate growing season or winter climate alone? 5) 
What are the challenges to investigating distinct changes in winter and growing season 
temperature in warming experiments? We then present recommendations for future 
ecosystem-scale experiments that incorporate changes in both winter and growing season 
climate change.  
 
METHODS 
 We conducted a Web of Science search for papers published prior to January 1, 
2016 with topic matching the search term “ecosystem climate warming experiment.” 
From this search, we constructed a database of published experiments that simulated 
warmer growing season temperatures in either intact field or large mesocosm 
experiments (Table 2.1 and 2.2). We excluded greenhouse experiments and experiments 
that involved short-term warming in the growing season (e.g., heat pulses less than one 
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month simulating heat waves rather than seasonal change) as these studies examine 
event-based warming rather than seasonal warming which is the focus of this review. 
Experiments that focused exclusively on winter climate change (e.g., snow removal 
studies or winter warming only) or warming in the shoulder seasons only (e.g., 
accelerating snowmelt or delaying snowpack with no additional growing season warming 
manipulation) were not included in our database, as the results of these experiments have 
been well described and synthesized elsewhere (e.g., Matzner & Borken, 2008; Li et al., 
2016). However, we include these studies as part of our discussion below. From each 
growing season warming experiment, the location, warming methodology employed, 
seasonal distribution of warming treatment (e.g., growing season warming only, constant 
warming throughout the year, or distinct winter versus snow-free season warming), and 
ecosystem type were recorded. We determined whether the experiment was located in a 
seasonally snow-covered region based on whether seasonal snow cover was explicitly 
described in site descriptions published in the study and by examining a NASA MODIS 
map of seasonal snow cover (Brooks et al., 2011). We considered the experiment, rather 
than experimental site, as the unit for analysis since several sites (e.g., Abisko, Toolik 
Lake, Harvard Forest) had multiple experiments over several decades. Experiments that 
included multiple sites in a single study (e.g., CLIMOOR; Beier et al. 2004) were 
considered a single experiment for our analysis of warming methodology, seasonal 
distribution of warming treatment, and ecosystem type. However, we included each 
individual site location in our analysis of the geographic distribution of experiments.  
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RESULTS AND DISCUSSION 
How have winter soil temperatures been manipulated in experiments that isolate effects 
of winter climate?  
A large body of research synthesizing the results of experiments that isolate the 
effects of winter climate already exists to demonstrate the cascading effects of changing 
winter conditions on ecosystem processes (Matzner & Borken, 2008; Bokhorst et al., 
2010; Kreyling, 2010; Wipf & Rixen, 2010; Blankinship & Hart, 2012; Makoto et al., 
2014; Williams et al., 2014; Li et al., 2016). For example, the most recent meta-analysis 
of winter climate change studies identified over 40 winter snow manipulation 
experiments (Li et al., 2016). Experiments that isolate the effects of winter climate in 
seasonally snow-covered ecosystems demonstrate a range of approaches used to simulate 
future winter soil temperatures (Makoto et al., 2014). These methods include creation of 
persistent soil freezing throughout winter by removing snow via shoveling or shelters 
(Figure 2.2a), warming soils during winter by enhancing snowpack depth or employing 
active heating methods (Figure 2.2b), increasing winter soil temperature variability 
passively through snow removal or actively through warming pulses (Figure 2.2c), and 
shifting duration of snowpack through snow removal or addition (Figure 2.2d).    
 
Where have experiments that examine growing season warming been conducted and how 
have they addressed winter?  
Our review resulted in a database of 95 publications describing ecosystem-scale 
climate change experiments that simulated warmer growing season temperatures across 
the globe (Table 1 and 2; Figure 2.3). Studies were evenly distributed across the eastern 
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and western hemispheres, but the latitudinal distribution of studies was highly skewed 
with 94% of studies located in the northern hemisphere. Most experiments were 
conducted in North America, Europe, and Southern Asia with few studies in Northern 
Asia, South America, Australia, and Antarctica and none in Africa. Of all the warming 
experiments examined, 67% were located in areas with seasonal snow cover. 
Experimental locations without snow included arid shrublands, warm temperate 
grasslands, croplands, cold deserts, and regions with strong maritime climate influence.  
  We identified five unique approaches that were employed for addressing winter 
in climate change in ecosystem-scale warming experiments (Figure 2.4; Aronson & 
McNulty, 2009). The most common form of ecosystem warming was increasing soil 
temperatures by a consistent temperature in the growing season only, which is the 
approach of 47.4% of studies (Figure 2.5a). In snow covered ecosystems, growing season 
warming was typically applied from snowmelt to senescence of plant foliage, onset of 
snowpack, or soil freezing to isolate the effects of warming during the season of peak 
biological activity. The second most common warming method used in 38.9% of studies 
was increasing mean soil temperatures by a consistent temperature throughout the entire 
year (Figure 2.4b). This approach to warming mimics projected changes in winter climate 
in locations without seasonal snow cover (e.g., arid shrublands); however, in regions 
where a reduction in snowpack exposes soils to below-freezing temperatures, soils will 
actually become colder in a warming climate. The remaining three groups together made 
up only 14% of studies, and these employed warming methods that allow for varying 
degrees of distinct winter and growing season temperature manipulation (Figure 2.4c-e). 
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Experiments that applied a different type of warming in the winter versus the snow-free 
season accounted for 5.3% of studies (Figure 2.4c). This approach included experiments 
with a different magnitude of warming in the winter compared to the growing season to 
reflect projections of varying amounts of temperature change in different seasons, as well 
as those that employed alternate methods of warming in the winter such as snow addition. 
An additional 4.2% of experiments increased soil temperature variability in winter, 
usually by reducing winter snowpack depth and/or duration, and combined this treatment 
with increased temperatures in the snow-free season (Figure 2.4d). The remaining 4.2% 
of studies experimentally accelerated snowmelt and/or delayed onset of snow pack 
coupled with warmed temperatures in the growing season (Figure 2.4e), which permits 
examination of the effects of an extended growing season on ecosystem processes.  
The number of warming experiments and the type of winter warming treatment 
applied varied by ecosystem type (Figure 2.5). Most ecosystem experiments were located 
in tundra (31%), forest (28%), or grassland (23%) ecosystems, with wetlands, shrublands, 
and croplands accounting for the remaining 18% of studies. Ecosystem warming limited 
to the growing season made up 83% of experiments in tundra ecosystems, highlighting 
the need for more cross seasonal warming studies in this ecosystem type. A large 
proportion of forest (48%) and grassland (36%) experiments also tended to focus on 
growing season warming only (Figure 2.5). Year-round warming was applied across 
ecosystem types, with grasslands and croplands being the most common ecosystem type 
for this application of warming. Although only 14% of studies employed distinct winter 
warming treatments, they include tundra, forest, and grasslands. 
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How have researchers created distinct winter and growing season temperature 
treatments in ecosystem-scale experiments?  
There are a variety of approaches used to experimentally warm ecosystems 
(Aronson & McNulty 2009) and some of these are better suited than others to warm 
ecosystems in winter in seasonally snow covered regions (Figure 2.6). Methods that rely 
on passive warming in chambers or on insulation that traps or reflects heat are not 
commonly used in winter (excluding snow addition, discussed below). For example, the 
most commonly used passive warming system, open topped chambers (OTC), is most 
often utilized during the snow free season only (Figure 2.6). Similarly, greenhouse 
chambers (GHC) consist of small chambers deployed in the field and typically use clear 
plastic covers to trap heat that intercept snowfall in winter and thus are not well suited for 
year round in warming experiments in seasonally snow covered ecosystems. Infrared (IR) 
reflecting curtains, which are deployed at night to trap outgoing IR radiation and 
passively warm the soil, are difficult to use with presence of a snowpack and we found 
that studies using this warming method throughout the year were only in locations 
without snow cover. Active warming methods such as soil heating cables are often 
utilized beneath the snow pack (Melillo, 2002) and aboveground air heating chambers 
(Norby et al., 1997) and IR lamps (LeCain et al., 2015) are usually suspended 
aboveground and can function above the snowpack. Therefore, these methods are more 
commonly used for year-round warming studies and to create distinct winter treatments.  
Although most studies that use OTCs do so for warming intended in the growing 
season only, many of those studies leave the structures in place year round. However, the 
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effect of OTCs on winter soil and/or air temperatures is often not reported. One exception 
is a study by Danby and Hik (2007), who examined the effect of OTCs in winter in their 
warming experiment in an alpine treeline in Yukon, Canada. They found that OTCs left 
in place throughout the winter accelerated snowmelt, delayed onset of snowpack, reduced 
days with snow, and increased annual heat accumulation (e.g. growing degree days) 
relative to warming with OTCs in the growing season only. Similarly, Dabros et al. 
(2010) monitored the influence of OTCs over winter and found that their use accelerated 
snowmelt between snow events, exposing soils more frequently to cold air in winter. 
Others have found that OTCs increase the depth of snowpack in winter and have used the 
influence of OTCs as an intentional experimental manipulation in the design of 
ecosystem warming experiments. For example, Aerts et al. (2004) used timing of OTC 
placement to mimic several climate scenarios, including ecosystem warming in the 
growing season alone, increased winter snow depth and associated increase in winter soil 
temperatures, and accelerated snowmelt in a subarctic bog in Sweden. These studies 
indicate that careful consideration of the effect of OTCs in winter in each study location 
is required for the analysis of plant and soil responses to over-winter ecosystem warming.  
 The effects of ecosystem warming in winter on air and soil temperatures are not 
consistent among the warming methods that are frequently employed (Figure 2.6), such 
as soil heating cables, air heating chambers, IR lamps, and snow manipulation. The five 
categories of warming treatment application described above (Figure 2.4) reflect the 
reported outcome of the warming treatment on soil temperature throughout the year, not 
necessarily the intention of the researcher. In cases where the warming effect on soil 
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temperatures (e.g., colder, more variable winter soil temperatures) differed from the 
applied treatment (e.g., consistent warming throughout the year), the changes were 
usually mediated by the effect of treatment on snow cover. Aboveground heating 
methods (e.g. IR lamps, air heating chambers) provide a more realistic simulation of 
shorter-range winter climate change projections where snowpack is expected to decline 
by their indirect effect on soil temperatures through melting snowpack. Exposing soils to 
winter air temperatures allows for natural variability in air temperatures to control the 
experimental impact on soil temperatures, often leading to colder soils with increased 
temperature variability. For example, by applying consistent aboveground IR heating 
throughout the year, both Bridgham et al. (1999) and Turner and Henry (2010) found that 
warming melted snow in winter, exposed soils to winter air, and led to decreased 
minimum soil temperatures and increased soil temperature variability (Figure 2.4d) rather 
than consistent soil warming year round (Figure 2.4b). Similarly, in a year-round IR 
warming study in Colorado, USA, Harte et al. (1995) found that warming left snowpack 
intact for most of the winter, but accelerated snow melt in warmed plots in early spring 
(Figure 2.4e), although warming was applied consistently all year (Figure 2.4b). More 
recently, Meromy et al. (2015) employed IR heating to warm throughout the year, but 
calibrated the lamps in winter to explicitly manipulate snowpack and accelerate snowmelt 
(Figure 2.4e). Unlike aboveground warming methods that simulate air warming and 
allow for the indirect effect of air temperature on soils in winter modulated through snow, 
active belowground warming (e.g., soil heating cables) affect soil temperature directly. In 
locations where winter snow cover typically insulates soils in winter and maintains soil 
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temperatures near 0° C, warming with cables year round prevents soil freezing and soil 
temperatures remain consistently warmed through winter (Figure 2.5b), even in the 
absence of a snowpack (Contosta et al., 2011; Melillo et al., 2011). Directly elevating 
soil temperatures to a predetermined magnitude throughout the winter using soil heating 
cables beneath the snowpack may represent a longer-term climate future where soil 
temperatures remain above freezing throughout the winter since air temperatures do not 
get below freezing, but is unlikely to capture the shorter-range implications of winter 
climate change on ecosystems.  
 Direct snowpack manipulation as an experimental modulator of winter soil 
temperatures (either snow removal or addition) was used in all categories of warming 
experiment that aimed for distinct winter warming treatments, including winter warming 
by different method or magnitude than the growing season (Figure 2.4c), increased winter 
soil temperature variability (Figure 2.4d), and accelerated snow melt and/or delayed onset 
of snowpack (Figure 2.4e). Natali et al. (2012) and Wahren et al. (2005) used snow 
fences in winter to increase snow accumulation and induce passive soil warming in 
winter, combined with passive aboveground warming through OTCs during the snow-
free season (Figure 2.4c).  Templer et al. (in revision, PLOS ONE) conducted a warming 
experiment in a northern hardwood forest that manipulated winter temperature distinctly 
from snow-free season temperatures by using a combination of snow removal to induce 
freezing paired with short-term winter warming by buried heating cables to induce thaws 
(Figure 2.4d). Oberbauer et al (1998) used active snow removal, rather than above or 
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belowground warming, to remove snow in early spring and accelerate snowmelt, thus 
extending the snow-free season (Figure 2.4e).  
 
How do findings from experiments that manipulate winter and growing season climate 
together differ from those that manipulate growing season or winter climate alone?  
The minority (i.e., 14%) of warming experiments that employed distinct winter 
and growing season manipulation treatments demonstrate that incorporating changes in 
winter climate into ecosystem climate change experiments generates new insight into 
ecosystem responses not apparent from growing season warming alone. By simulating 
both warmer growing seasons and warmer winters with increased snowpack in Alaska, 
USA, Natali et al. (2014) found that increased soil carbon losses due to winter warming 
completely offset enhanced carbon uptake observed in the growing season alone. Since 
the majority of tundra warming experiments have been conducted in the growing season 
only (Figure 2.5), Natali et al.'s findings indicate that changes in winter climate may 
offset the positive effects of warming on growing season ecosystem production, which is 
not captured in growing season warming studies. Similarly, using IR lamps in a 
seasonally snow covered grassland ecosystem, Turner and Henry (2010) found that 
increased soil temperature variability and decreased minimum soil temperature in winter 
caused an increase in growing season nitrogen mineralization relative to plots that were 
warmed throughout the year. The contrasting response of winter warming alone to year 
round warming highlights the importance of overwinter dynamics on growing season 
processes. In a long-term warming study in an alpine meadow, Harte et al. (2015) found 
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that accelerated snowmelt resulting from IR heating lamps through winter was the 
strongest predictor of changes in aboveground biomass in the growing season and shifts 
in community composition. This finding would not have been evident with warming 
initiated each year following natural snowmelt alone. In order to evaluate ecosystem 
responses to climate change in a particular geographic region, results of these studies 
show that both the effects of warming in the growing season and the distinct 
manifestations of climate change in winter should be considered.  
 
What are the challenges to investigating distinct changes in winter and growing season 
temperature in warming experiments?  
Although there is evidence that distinct winter climate treatments in warming 
experiments are important for improving our understanding of future ecosystem 
dynamics in seasonally snow covered regions, executing experiments that realistically 
simulate projected future climate change across seasons poses both logistical and 
scientific challenges. Logistical challenges include difficulties associated with access to 
field sites in winter and maintaining equipment subject to snow and ice accumulation. 
However, passive winter warming through snow fences is an effective and low-
maintenance approach to increasing snow depth and duration in tundra and high desert 
regions (Aerts et al., 2004; Wahren et al., 2005; Natali et al., 2011; Loik et al., 2013) and 
in sites with established infrastructure in place, active warming is also feasible (Melillo et 
al., 2002; Turner & Henry, 2010; Harte et al., 2015, Templer et al. in revision, PLOS 
ONE). Careful monitoring of winter microclimate variables is required to interpret 
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ecosystem responses to distinct winter climate manipulations, since winter manipulations 
alter multiple factors (i.e., snow removal or addition can change soil moisture, frost 
depth, snow depth, soil temperature, and date of soil thaw (Hardy et al., 2001)) by nature 
of the treatment. Although manipulating multiple environmental factors complicates 
experimental designs, development of new technologies for accessing data remotely 
makes monitoring winter environmental variables more feasible (Meromy et al., 2015). 
Given a limited budget, adding complexity to ecosystem-scale experiments can entail 
compromising of replication resulting in reduced statistical power (Norby & Luo, 2004). 
Yet, there are both strengths and weaknesses to multi-factor global change experiments 
that have been well documented (Norby & Luo, 2004; Leuzinger et al., 2011; Kreyling & 
Beier, 2013), and we argue that by designing climate change experiments that examine 
the effects of winter and growing season climate change together, there is an opportunity 
to develop a better mechanistic understanding of ecosystem responses to climate change.  
Researchers should also consider the timeframe of climate projections and scope 
of ecosystem responses that are of interest when selecting an appropriate experimental 
design.  For example, the effects of reduced winter snowpack leading to below freezing 
soil temperatures will be important as long as typical winter climate conditions involve 
air temperatures that are below freezing in winter.  However, in the long term winter air 
temperatures may never drop below freezing in regions that currently experience seasonal 
snow cover and will therefore alter the importance of snowpack mediated changes in soil 
temperature. The timeframe of the experimental manipulation itself may also have 
important implications for the observed ecosystem responses. There is some evidence for 
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acclimation of below- and aboveground responses to sustained growing season warming 
in long-term (e.g. > 5 years) experiments (Bradford et al., 2008; Reich et al., 2016).  It is 
possible that ecosystem responses to distinct winter climate change could also diminish 
over time as plants and microbes adapt to changing patterns of soil temperatures over a 
long-term period of altered climatic conditions, but these responses can only be identified 
with long term manipulation.  
 
Conclusions and recommendations for the next phase of warming studies 
 Our analysis of the treatment of winter in ecosystem-scale climate change 
experiments highlights the need for additional attention to the gap in our understanding 
of how climate change across seasons influences ecosystem processes. We identified 
several studies that provide feasible strategies to take winter climate change into account 
in ecosystem-scale warming experiments. The disproportionately low amount of distinct 
winter climate manipulations in seasonally snow covered ecosystems were distributed 
among tundra, forest, and grassland ecosystems and provide evidence that incorporating 
changes in winter climate into ecosystem-scale climate change experiments is feasible 
and provides new insights that would not be evident from examining one season alone. 
We call for the integration of established winter climate change methods with 
ecosystem-scale warming approaches in regions with seasonal snow cover. Future 
experiments that examine distinct effects of climate change in winter combined with 
warmer growing season in seasonally snow covered ecosystems will allow us to better 
project the integrated responses of ecosystems across seasons and under future climate.
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TABLES AND FIGURES 
Table 2.1. Climate change experiments that simulate warmer growing seasons included in 
review analysis. Warming type refers to methods of applying warming throughout the 
year outlined in Figure 2.3. * Indicates a mesocosm experiment and ** indicates an 
experiment with multiple sites. Warming methods include heating cables, air heating, 
infrared (IR) lamps, IR reflecting curtains, open topped chambers (OTC), greenhouse 
chambers (GHC), and snow manipulation (addition or removal). 
Warming 
Type 
Ecosystem 
Type 
Site Country Warming  
Method  
Snow   Reference 
A Forest Huntington United States cables X 
 
McHale et al 1998 
A Forest Abisko Sweden cables, IR lamps  X 
 
Olsrud et al 2010 
A Forest Howland Forest  United States cables X 
 
Rustad and Fernandez 1998 
A Forest Achenkirch Austria cables X 
 
Schindlbacher et al 2009 
A Forest Flakaliden Sweden cables X 
 
Strömgren and Linder 2002 
A Forest Ford Forest United States IR lamps  X 
 
Jarvi and Burton 2013 
A Forest B4WarmED United States cables, IR lamps X ** Rich et al. 2015 
A Forest Delta Junction United States passive GHC X 
 
Allison and Treseder 2008 
A Forest Delta Junction United States OTC X 
 
Bergner et al 2004 
A Forest Cerro Castillo - 
Puyehue 
Chile OTC X ** Piper et al 2013 
A Forest Lapland Sweden OTC X 
 
Richardson et al 2002 
A Forest Dovrefjell Norway OTC X 
 
Sjögersten and Wookey 2002 
A Forest Miyaluo  China OTC 
  
Xu et al 2012 
A Grassland Oak Ridge United States air heating 
 
* Dermody et al 2007 
A Grassland Bradndberg Denmark IR curtain X 
 
Mikkelsen et al 2008 
A Grassland Takayama Japan IR lamps X 
 
Yoshitake et al 2015 
A Grassland Songen China IR lamps 
  
Ma et al 2011 
A Grassland Alberta Canada OTC X 
 
Flanegan et al 2013 
A Grassland Berchtesgaden Germany OTC X 
 
Kudernatsch et al 2008 
A Grassland Quinghai-Tibet 
Plateau 
China OTC X 
 
Na et al 2011 
A Grassland Northern Mongolia China OTC 
  
Liancourt et al 2012 
A Tundra Stillberg Switzerland cables X 
 
Dawes et al 2011 
A Tundra Abisko Sweden cables, GHC, 
OTC 
X 
 
Hartley et al. 1999 
A Tundra Zackenberg Greenland GHC X 
 
Campioloi et al 2013 
A Tundra Toolik Lake United States GHC X 
 
Chapin et al 1995 
A Tundra Svlabard Norway GHC X 
 
Coulson et al 1996 
A Tundra Toolik Lake United States GHC X 
 
Gough and Hobbie 2003 
A Tundra Toolik Lake United States GHC X 
 
Grogan and Chapin 2000 
A Tundra Toolik Lake United States GHC X 
 
Hobbie and Chapin 1994 
A Tundra Siberia Russia OTC X 
 
Biasi et al 2008 
A Tundra Barrow-Atqasuk United States OTC X ** Hollister et al 2006 
A Tundra Abisko Sweden OTC X 
 
Jonasson et al. 1999 
A Tundra Thingvellir-
Audkuluheidi 
Iceland OTC X ** Jónsdóttir et al. 2005 
A Tundra Hokkaido Japan OTC X 
 
Kudo and Suzuki 2003 
A Tundra Latnajaure  Sweden OTC X 
 
Molau et al 1997 
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A Tundra Abisko Sweden OTC X 
 
Rinnan et al 2007 
A Tundra Finse Norway OTC X 
 
Sandvik and Totland 2000 
A Tundra Dovrefjell-Abisko-
Joatka 
Multiple OTC X ** Sjögersten and Wookey 2002 
A Tundra Sandalsnuten Norway OTC X 
 
Totland 1997 
A Tundra Niwot Ridge United States OTC X 
 
Welker et al 1999 
A Tundra Alexandra Fiord Canada OTC X 
 
Welker et al 2004 
A Tundra Ny-Alesund Norway OTC X 
 
Wookey et al 1993 
A Tundra Haibei China OTC 
  
Klein et al 2004 
A Tundra McMurdo Antarctica OTC 
  
Simmons et al 2009 
A Tundra Haibei  China OTC 
  
Zhang and Welker 1996 
B Cropland Aarhus  Denmark cables X * Patil et al 2010 
B Cropland Saxony Germany cables X 
 
Sielbold and von Tiedemann 
2012 
B Cropland Scheyern  Germany cables 
  
Hantschel et al 1995 
B Cropland Hohenheim Germany cables 
  
Poll et al 2013 
B Cropland Tongwei  China cables 
  
Xiao et al 2010 
B Cropland Jiangsu  China IR lamps 
  
Tian et al 2012 
B Cropland Danyang China IR lamps X 
 
Rehmani et al 2011 
B Cropland Irvine United States IR lamps 
  
Bijoor et al 2008 
B Cropland Maricopa United States IR lamps 
  
Wall et al 2011 
B Forest Harvard - Duke 
Forest 
United States air heating X ** Pelini et al 2011 
B Forest Corvallis United States air heating 
 
* Guak et al. 1998 
B Forest Oak Ridge United States air heating 
 
* Norby et al 1997 
B Forest Harvard Forest  United States cables X 
 
Contasta et al 2011 
B Forest Harvard Forest  United States cables X 
 
Melillo et al 2011 
B Forest Harvard Forest  United States cables X 
 
Peterjohn et al. 1994 
B Forest Risdalsheia Norway cables, air 
heating 
X 
 
VanBreeman et al 1998 
B Forest Maoxian  China IR lamps 
 
* Yin et al. 2012 
B Forest Yukon Canada OTC X 
 
Danby et al 2007 
B Grassland Antwerp Belgium air heating 
 
* DeBoeck et al 2008 
B Grassland Great Dun Fell United 
Kingdom 
cables X 
 
Ineson et al 1998 
B Grassland Sourhope Scotland cables 
 
* Briones et al 2009 
B Grassland York United 
Kingdom 
cables 
 
* Edwards et al 2004 
B Grassland Sevilleta United States IR curtain 
  
Collins et al 2010 
B Grassland Waltham United States IR lamps X 
 
Hoeppner and Dukes 2012 
B Grassland Tasmania Australia IR lamps 
  
Hovenden et al 2008 
B Grassland High Plains United States IR lamps 
  
LeCain et al 2015 
B Grassland Jasper Ridge United States IR lamps 
  
Shaw et al 2002 
B Grassland McClain  United States IR lamps 
  
Wan et al 2002 
B Grassland McClain United States IR lamps 
  
Zhou et al 2006 
B Grassland Quinghai-Tibet 
Plateau 
China OTC X 
 
Li et al 2011 
B Shrubland Mols-Oldebroek-
Clocaenog-Garraf 
Multiple IR curtains 
 
** Beier et al 2004 
B Shrubland Danube-Tisza Hungary IR curtains 
  
Lellei-Kovács et al 2008 
B Shrubland Inner Mongolia China IR lamps 
  
Xia et al. 2010 
B Shrubland Inner Mongolia China IR lamps 
  
Wang et al 2011 
B Shrubland Culardoch Scotland OTC 
  
Papanikolaou et al 2010 
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B Tundra Haibei China IR lamps 
  
Hu et al 2010 
B Wetland SPRUCE United States air heating, 
cables 
X 
 
Krassovski et al 2015 
C Forest Bernatchez-
Simoncouche 
Canada cables X ** Dao et al 2015 
C Forest Niwot Ridge United States IR lamps X 
 
Meromy et al 2015 
C Tundra Eight Mile Lake United States OTC, snow X 
 
Natali et al 2012 
C Tundra Toolik Lake United States OTC, snow X 
 
Wahren et al 2005 
C Tundra Spitsbergen  Norway OTC X 
 
Dollery et al 2006 
D Forest CCASE United States cables, snow X 
 
Templer et al 2016 
D Forest James Bay Canada OTC X 
 
Dabros et al 2010 
D Grassland Ag Center Canada IR lamps X 
 
Turner and Henry 2010 
D Wetland Fens United States IR lamps X * Bridgham et al 1999 
E Forest Mekrijärvi Finland air heating X * Kellomaki et al 2000 
E Tundra Toolik Lake United States cables, snow X 
 
Oberbauer et al 1998 
E Wetland Abisko Sweden OTC, snow X 
 
Aerts et al 2004 
E Grassland RMBL United States IR lamps X 
 
Harte et al 1995 
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Figure 2.1. Conceptual diagram demonstrating contrasting ecosystem responses to 
experimental warming in the growing season and throughout the year (left) and reduced 
snow with colder soils in winter (right).  Numbers refer to the following references: 1: Lu 
et al. 2013, 2: Lin et al. 2010, 3: Rustad et al. 2001, 4: Bai et al. 2013, 5: Kreyling et al. 
2012, 6: Kreyling et al. 2013, 6: Li et al. 2016.
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Figure 2.2. Conceptual diagram illustrating four different approaches to isolating the 
effects of changing winter climate on soil temperatures, including: A) soil warming in the 
winter, B) soil freezing in winter, C) increased soil temperature variability in winter, D) 
shifts in timing of snowmelt in spring and/or delayed snowpack in late autumn/early 
winter. 
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Figure 2.3. Global map showing location of ecosystem warming experiments. Filled 
circles correspond to experiments in seasonally snow-covered ecosystems and open 
circles refer to experiments where seasonal snow cover is not present. Darker shaded 
areas at high latitudes indicate extended seasonal snow cover and dark line indicates the 
mean extent of seasonal snow cover. Figure is modified from Brooks et al. 2011; data is 
derived from NASA MODIS.  
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Figure 2.5. Number of climate change experiments by ecosystem type (e.g. tundra, forest, 
grassland, shrubland, wetland, and cropland) and warming treatment type (as described in 
Figure 4). 
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Figure 2.6. Number of climate change experiments employing each type of warming 
treatment in winter (described in Figure 4). Warming methods include heating cables, air 
heating, infrared lamps, infrared reflecting curtains, open topped chambers (OTC), 
greenhouse chambers (GHC), and snow manipulation (addition or removal).  
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CHAPTER THREE: GROWING SEASON WARMING AND WINTER FREEZE-
THAW CYCLES REDUCE NITROGEN UPTAKE BY ROOTS AND INCREASE 
NITROGEN IN SOIL SOLUTION IN A NORTHERN FOREST ECOSYSTEM 
 
 
 
ABSTRACT 
 Northern forest ecosystems are projected to experience warmer growing seasons 
and increased soil freeze-thaw cycles in winter over the next century. Past studies show 
that warmer soils in the growing season enhance plant uptake and ecosystem retention of 
nitrogen, while soil freezing in winter has opposite effects. The net effects of these 
combined changes in climate are unknown. We conducted a two-year (2014-2015) 
experiment at Hubbard Brook Experimental Forest in New Hampshire, U.S.A to 
characterize the response of root damage, nitrogen uptake capacity, soil solution nitrogen, 
and foliar nitrogen to growing season warming combined with soil freeze-thaw cycles in 
winter. Buried heating cables warmed soil 5 °C during the snow-free season and a 
combination of snow removal and warming with cables induced freeze-thaw cycles in 
winter. In the early growing season (May - June), winter freeze-thaw cycles reduced 
nitrogen uptake capacity by 42% (P < 0.001) and increased root damage (P < 0.05) and 
soil solution ammonium (P = 0.05). During peak growing season (July), root nitrogen 
uptake capacity was reduced 40% by warming alone and 49% by warming combined 
with freeze-thaw cycles (P < 0.01). Combined warming in the growing season and 
freeze-thaw cycles in winter led to increased foliar nitrogen (P < 0.05), but no effects on 
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soil solution nitrogen during the peak growing season (P > 0.05). These results suggest 
that climate change in northern forest ecosystems will cause over-winter root damage 
from soil freezing that reduces nitrogen uptake capacity by trees, leading to enhanced soil 
solution nitrogen and potential soil nitrogen losses that are not offset by warmer growing 
seasons. By examining the distinct effects of climate change in winter combined with 
warming in the snow-free season, our study demonstrates shifting controls on nitrogen 
cycling in northern hardwood forests over the next century. 
 
INTRODUCTION 
 Nitrogen (N) is an essential nutrient and a limiting element for plant growth in 
many terrestrial ecosystems (LeBauer & Treseder, 2008), but human activities have more 
than doubled the availability of biologically available N since the pre-industrial era 
(Galloway et al., 2004). As a result, many regions of the world receive elevated rates of 
atmospheric N deposition (Fowler et al., 2013) that can have cascading effects on 
nutrient cycling and ecosystem function (Galloway et al., 2003). Northern hardwood 
forest ecosystems, such as those at the Hubbard Brook Experimental Forest (HBEF; New 
Hampshire, USA), retain up to 90% of atmospherically deposited N and prevent its 
transport to downstream waterways (Goodale et al., 2002; Yanai et al., 2013). Plant root 
uptake is a critical component of the forest N cycle and plays an important role in 
regulating plant N acquisition, plant N storage, and ecosystem N retention (Vitousek & 
Reiners, 1975; Likens, 2013). However, relatively little is known about how projected 
changes in climate over the next century will affect root N uptake capacity of forest 
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plants (BassiriRad, 2000) and in turn, influence the N retention capacity of forest 
ecosystems.  
 In the northeastern U.S., mean annual air temperatures have risen by 0.25 °C per 
decade over the last half-century with an accelerated rate of 0.70 °C per decade in winter 
(Hayhoe et al., 2007). These trends are expected to continue with air temperatures 
projected to rise by an additional 3 to 5 °C by the year 2100 (Hayhoe et al., 2007). In the 
snow-free portion of the year when air and soil temperatures are tightly coupled 
(Smerdon et al., 2004), warming air temperatures will be matched with warmer soils in 
the growing season. A thick (>20 cm), persistent winter snowpack insulates soil from 
cold air, typically maintaining soil temperatures between 0 to 1 °C in winter, even when 
air temperatures are well below freezing (Decker et al., 2003). As winter temperatures 
have risen over the last five decades in this region, maximum winter snowpack depth and 
duration have declined approximately 25 cm and 21 days, respectively (Campbell et al., 
2010) and maximum snowpack depth is expected to decline by an additional 50 cm 
(Hayhoe et al., 2007). When snowpack is thin or intermittent, soils are exposed and 
become substantially colder compared to soils protected by a deep snowpack (Hardy et 
al., 2001; Durán et al., 2016). With continued declines in snowpack depth and duration in 
the northeastern U.S. while air temperatures, though warming considerably, remain 
below freezing for much of the winter months, frequency of winter soil freeze-thaw 
cycles is expected to increase (Hayhoe et al., 2007; Henry, 2008; Campbell et al., 2010). 
Consequently, the effect of climate change on soil temperatures in this region will 
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manifest differently across seasons, with warmer soils in the growing season and colder 
soils with increased frequency of freeze-thaw cycles in winter.  
  Experiments examining the effects of warmer temperatures during the growing 
season or year-round indicate there is a positive relationship between soil temperature 
and rates of plant N uptake. In laboratory studies with tree seedlings, increased 
rhizosphere temperatures induce elevated rates of root N uptake (Gessler et al., 1998; 
Warren, 2009) and total N content in plant biomass (Clarkson et al., 1986). Similarly, 
results from large-scale multi-year field soil warming studies in temperate forests show 
that warmer soil temperatures lead to increased N concentrations in foliage of trees 
(VanCleve et al., 1990; Bai et al., 2013) coupled with increased foliar mass and 
therefore, more overall N uptake by plants at the ecosystem scale (Butler et al., 2012). 
Increased N uptake with warming has been attributed to enhanced soil N availability 
(Butler et al., 2012) resulting from accelerated N mineralization (Rustad et al., 2001; Bai 
et al., 2013). However, direct measurements of root N uptake capacity in ecosystem-scale 
warming experiments are lacking.   
 In contrast to findings from warming experiments, winter climate change studies 
show that plant uptake of N decreases in response to decreased depth and duration of the 
winter snowpack (Campbell et al., 2014). Reductions in N uptake are attributed to 
increased overwinter root mortality and freezing damage to living roots of temperate 
hardwood trees (Tierney et al., 2001a; Cleavitt et al., 2008; Comerford et al., 2013). 
Reduction of N uptake due to freezing-induced root damage leads to increased inorganic 
N losses from soils (Fitzhugh et al., 2001; Campbell et al., 2014) and reduced foliar N 
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concentrations of mature trees in the following growing season (Pilon et al., 1994; Li et 
al., 2016). In addition to the direct of effects on plant N uptake and foliar chemistry, soil 
freezing reduces soil N availability through decreased rates of N mineralization (Durán et 
al., 2016) and microbial enzyme activity during snowmelt (Sorensen et al., 2016), which 
may further limit N uptake by plants in a changing climate with colder winter soils. 
 Understanding how changes in soil temperature across seasons interact to affect N 
uptake capacity of trees and in turn, influence ecosystem N retention and loss throughout 
the year, is critical to predicting the N retention capacity of northern forest ecosystems in 
the future. We established the Climate Change Across Seasons Effects (CCASE) 
experiment at HBEF (Templer et al. in review) to determine the interactive effects of 
increased frequency of soil freeze-thaw cycles in winter and elevated soil temperatures 
throughout the snow-free growing season on forest dynamics. In this paper, we examined 
the effects of these changes in soil temperature on N uptake capacity of mature northern 
hardwood trees and on potential ecosystem N loss from these forests via changes in soil 
solution N. We hypothesized that (1) warmer soils in the growing season increase root N 
uptake capacity and foliar N, but that (2) winter soil freeze-thaw cycles offset these 
responses by damaging roots and decreasing root N uptake capacity, leading to decreased 
foliar N concentrations and increased inorganic N remaining in soil solution.  
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METHODS 
Site Description 
 The study was conducted at HBEF Long Term Ecological Research site in the 
White Mountain National Forest in Woodstock, NH, U.S.A. (43°56′N, 71°45′ W). Mean 
annual precipitation is 1,400 mm, of which about one-third is snow with an average 
maximum snow depth of 75 cm (Campbell et al., 2010). Snowpack typically lasts from 
mid-December until mid-April and soil frost is present approximately two out of three 
years (Campbell et al., 2010). Mean winter air temperature from December to March 
averages -4 °C, with annual temperatures ranging from an average minimum of -12 °C 
during January to an average maximum of 19 °C  during July (Bailey et al., 2003). Soils 
consist of base-poor spodosols, specifically Typic Haplorthods (Scott Bailey, personal 
communication), that developed in glaciofluvial sand and gravel and depth to bedrock is 
approximately 14 m (Winter et al., 2008). 
 
Experimental Design and Temperature Manipulation 
 The CCASE experiment was established in summer 2012 (Templer et al. in 
review) at approximately 250 m asl in a ~70-80 year old forest stand. The site is 
dominated by red maple (Acer rubrum), which makes up 63 ± 7% basal area with an 
understory composed of mostly American beech (Fagus grandifolia) saplings. The 
experiment consists of six plots that are each 11 x 13.5 m, divided into four equal 
quadrants for sampling. Plots have an average of 19 ± 2 stems larger than 5 cm diameter 
at breast height and are centered upon at least three mature red maple trees. Two plots 
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experience snow-free growing season soil warming of 5 °C above ambient soil 
temperatures (hereafter referred to as warmed), two experience snow-free growing season 
soil warming of 5 °C coupled with snow removal and freeze-thaw cycles in winter 
(warmed + FTC), and two plots experience ambient temperatures year-round (reference). 
The four plots that experience warming are each equipped with heating cables buried in 
parallel lines spaced 20 cm apart to ensure an even spatial distribution of warming. 
Cables were installed in July 2012 by cutting the soil with a flat shovel to a depth of 10 
cm and burying cable into the cut. Reference plots were similarly cut to mimic cable 
installation disturbance, but no cable was installed. Temperature treatments are ongoing 
and the data presented here were collected during the first two years of the study, 
beginning in December 2013. To monitor and control soil temperatures, each plot was 
equipped with six thermistors (Betatherm type 10K3A1) at 10 cm depth, as well as four 
volumetric soil moisture sensors (Campbell Scientific CS616) that measure soil moisture 
across a 0-30 cm depth profile. For additional technical details on experimental 
treatments and methodology, refer to Templer et al. (in review). 
 Winter soil freeze-thaw cycles at CCASE are achieved by manually removing 
snow within 48 hours of snowfall to expose the soils to below-freezing air temperatures 
and induce soil freezing. A 3-5 cm layer of snow is left on the plots to reduce disturbance 
and maintain the albedo of the forest floor. Once soil temperature is below -0.5° C (to 
account for depressed freezing point of soil water due to solute concentration) for 72 
hours, the heating cables are turned on to thaw soils to 1°C for an additional 72 hours, 
this full cycle comprising one freeze-thaw cycle. At the onset of the snow-free season, 
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defined here as the time at which all snow and soil frost has melted and the daily soil 
temperatures begin a natural ramp up and track air temperatures (Groffman et al., 2012; 
Contosta et al., 2016; Templer et al., in review), we begin soil warming in both the 
warmed and warmed + FTC plots. This onset of snow-free season warming occurred on 
April 18, 2014 and April 21, 2015 in each treatment year. Once triggered, the heating 
cables are used to maintain soil temperatures at 5 °C above ambient soil temperatures 
throughout the snow-free growing season and continue until the mean air temperatures 
are below 0 °C for five consecutive days or December 1, whichever comes first, to avoid 
warming throughout the winter in the event of a low snow year. Warming cables were 
turned off at the end of the snow-free seasons on November 19, 2014 and December 1, 
2015. 
 Weekly measurements of soil frost and snow depth are made at four locations in 
each plot from December through April during each winter of experimental treatment 
(i.e., 2013-2014 and 2014-2015). Frost depth is measured using PVC frost tubes (Ricard 
et al., 1976), which were inserted vertically into soil to a depth of ~50 cm in December 
2012. Snow depth is measured within 0.5 m of each frost tube using a meter stick placed 
vertically into the snowpack on each sample date.  
 
Root Sampling 
 Root sampling for assessment of damage, N uptake capacity, and biomass was 
conducted by removing four 10 cm x 10 cm samples of organic layer soil from each plot 
(n = 24 total) on each sample date using a frame and soil knife. Organic layer depth 
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ranged from 3-10 cm. Soils were transported on ice and stored at 4 °C until laboratory 
analyses was initiated (within 12-24 hours of sampling).   
 Root damage following winter was measured as relative electrolyte leakage 
(Schaberg et al., 2008) immediately following snowmelt and before warming treatment 
was initiated each year on April 16, 2014 and April 17, 2015. Fine roots (<2 mm 
diameter) were extracted from soil and cleaned. Roots were cut into 2-3 cm long sections 
and divided into five replicates of ~150 mg per sample with 15 mL of 0.1% Triton X-100 
detergent solution. Samples were agitated overnight and then solution conductivity was 
measured (CON 110 Oakton Instruments, Vernon Hills, IL). Sample tubes were then 
autoclaved at 101 °C for 15 minutes to kill roots, agitated for another 24 hours, and re-
measured for solution conductivity. Root damage as % relative electrolyte leakage was 
calculated as the ratio of conductivity due to root membrane ion leakage before and after 
being heat-killed.  
 Root N uptake capacity was measured on July 1, 2013 prior to treatment initiation 
and six times in 2014, with intensive sampling in the early growing season during leaf-
out (May 12, May 21, June 1, June 11), once in the peak growing season on July 22, and 
again in the late growing season at the onset of senescence on September 24. In 2015, 
roots were sampled three times: twice during early (May 13 and June 1) and once during 
the peak growing season (July 21). We focused our N uptake capacity measurements on 
ammonium (NH4+) and nitrate (NO3-) since plant N demand in northern hardwood forests 
is met primarily by inorganic, rather than organic, N (Gallet-Budynek et al., 2009; 
Näsholm et al., 2009; Averill & Finzi, 2011). Within 24 hours of excision, fine roots in 
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each sample were separated from bulk soil, cleaned, and divided into three ~200 mg fresh 
mass subsamples. Subsamples were placed in paper teabags and soaked for 20 minutes in 
a 0.5 mM CaCl2 solution to support root cell membrane integrity, then incubated for 30 
minutes in one of three solutions which contained 0.01 M sucrose as an energy source, 
0.5 mM CaCl2, and either 200 µM 15NH4Cl, 200 µM K15NO3 (both 98 atom% 15N 
enriched), or a control solution with no added 15N to determine 15N natural abundance of 
roots (Epstein et al., 1963; Finzi & Berthrong, 2005). Incubations were conducted at 
room temperature and N concentrations were intended to be saturating for roots of maple 
species (Socci & Templer, 2011). Following incubation roots were rinsed with four 
successive baths of 1 mM KCl for ten minutes and dried at 60° C for a minimum of 72 
hours. Dry roots were weighed and homogenized with a mortar and pestle for analysis of 
15N content on a Euro EA Elemental Analyzer and IsoPrime isotope ratio mass 
spectrometer at the Boston University Stable Isotope Laboratory. 15N content of roots 
incubated in 200 µM 15NH4Cl or 200 µM K15NO3 solution were converted to rates of N 
uptake following: 
 
(1) N uptake = [(NRoot × atom% 15NRoot ) - ( NRoot × atom% 15NNA)] 
                   massRoot× atom% 15NSolution × time 
 
where N uptake is NH4+ or NO3− in µmol N g dry root-1 hour-1; NRoot = N in root sample 
in mg, atom%15NRoot = atom percent of roots after 15N incubation; atom%15NNA = mean 
atom% N of roots that were incubated in control solution (natural abundance 15N); 
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atom% 15NSolution = atom percent 15N of incubation solutions; and time = length of 
incubation in hours. Total dissolved inorganic N (DIN) uptake capacity was calculated as 
the sum of NH4+ and NO3- uptake for each sample. To account for potential differences in 
root biomass across plots, we measured fine root biomass in the forest floor on June 10, 
2015. All roots were hand-picked from four soil samples per plot, dried at 60°C to a 
constant weight, and measured for total dry mass.  
 
 Soil Solution N 
 Soil solution N was measured using ion exchange resin bags. Four nylon bags 
filled with 10 g of ion exchange resin (Monosphere MR-3 beads; hereafter ‘resin bags’) 
were buried in each plot to a depth of 10 cm below the soil surface (n = 4 per plot). Resin 
bags were incubated throughout the winter (late-October to early-May), the early growing 
season (early-May – mid-June) and the peak-late growing season (mid-June to late-
October) from October 2013 to October 2015. Following incubation, bags were stored at 
4 °C until processing (within 48 hours of removal). Resin beads were extracted three 
times for 30 minutes with 50 mL of 2 M KCl (150 ml KCl total) and solutions were 
filtered through Whatman #2 filters. Concentrations of NH4+ and NO3- in 2 M KCl resin 
extract were determined colorimetrically using a Versamax microplate spectrophotometer 
(Molecular Devices, LLC; Sunnyvale, CA; Sims et al., 1995; Doane & Horwáth, 2003). 
Laboratory standards were calibrated against ERA #985 for NH4+ and #991 for NO3- 
quality control standards. Total DIN in soil solution was calculated as the sum of NH4-N 
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and NO3-N. Annual amounts of DIN in soil solution were calculated by summing DIN 
collected during each resin bag incubation period for each year. 
 
Foliage and Litterfall Production 
 Sun-lit foliage from the top of the canopy was collected from four dominant red 
maple trees in each plot using a shotgun in August 2013, 2014, and 2015. Leaves with 
petiole attached were dried at 60° C for 72 hours, weighed, and homogenized for analysis 
of N concentration via flash combustion (Thermoquest NC 2500 autoanalyzer). Litterfall 
production was measured during the fall senescence period in 2013, 2014, and 2015 
using four 0.24 m2 baskets placed on the forest floor and litter collected biweekly from 
each plot. Litter was dried to a constant weight at 60 °C, visually sorted by species and 
weighed. Total mass of red maple litter was recorded for each plot. 
 
Statistical Analysis 
 The effects of experimental treatment on growing season soil temperature, 
growing season soil moisture, and winter environmental variables were assessed using 
linear mixed effects models (R nlme package V 3.1-124, Pinheiro et al., 2016) with 
treatment as a categorical fixed effect and plot within year as a random effect. Due to 
high correlation among winter environmental variables (e.g. maximum snow depth, 
maximum frost depth, minimum soil temperature, and number of soil freeze-thaw 
cycles), we used principal components analysis (PCA) to generate one composite winter 
environmental variable that characterized the effects of experimental treatment on winter 
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climate for model selection purposes (described below).  The effects of experimental 
treatment on root damage, N uptake capacity, root biomass, N in soil solution, foliar N 
concentration, and red maple litterfall mass were also assessed using linear mixed effects 
modeling with quadrant (n = 4 per plot) nested within plot and year as the random effect 
for belowground measurements, and tree (n = 4 per plot) nested within plot and year for 
foliar N concentration measurements to account for non-independence of repeated, nested 
sampling. Post-hoc pairwise comparisons among treatments were calculated using 
Tukey's honest significant difference tests (R multcomp package, Hothorn et al., 2008). 
All error is reported as standard error. 
 To determine the underlying mechanisms of any observed treatment effects, we 
used step-wise model selection to identify whether winter conditions (e.g. composite 
winter variable, PC1) or growing season conditions (e.g., soil temperature and moisture) 
were significant drivers of root damage, N uptake capacity, soil solution N, and foliar N 
concentration.  The environmental variables were treated as continuous fixed effects in a 
global linear mixed effects model with plot with year as a random effect and the best 
model was selected through likelihood ratio tests with maximum likelihood estimation 
(Zuur et al., 2009). In addition, we calculated mean values of measured ecosystem 
responses for each plot in either the early or peak growing season and used a simple 
linear regression to assess relationships between N uptake capacity and root damage, soil 
solution N, and soil temperature. For all statistical models, raw data was initially assessed 
for normality by Shaprio-Wilk tests and data were log transformed when necessary. 
Visual inspection of model residual plots was performed to ensure that model 
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assumptions of constant variance were met. All statistical analyses were conducted in R 
version 3.1.2 (R Core Team, 2014). 
 
RESULTS 
Soil Temperature, Snow Depth, and Soil Frost 
 The buried heating cables successfully elevated mean soil temperature throughout 
the two growing seasons (April 18 - November 19, 2014 and April 21-December 1, 2015) 
in the warmed and warmed + FTC treatments relative to the reference treatment by 4.9 + 
0.8 °C in both 2014 and 2015 (Figure 3.1; p < 0.001). Average soil moisture across 0-30 
cm depth was not significantly different among treatments throughout the two growing 
seasons across both years (Figure 3.2; p = 0.36). During winters 2013-2014 and 2014-
2015, we induced four soil freeze-thaw cycles in the warmed + FTC treatment (Figure 
3.1). In contrast, there were no freeze-thaw cycles recorded in either the reference or 
warmed treatments, which were not manipulated during winter. The warmed + FTC 
treatment had significantly lower maximum snow depth and minimum soil temperature 
and higher maximum soil frost than the warmed and reference treatments (Table 1). There 
were no statistically significant differences in winter environmental variables between the 
warmed and reference treatments (Table 3.1). 
 The winter environmental variables were strongly correlated with one another 
(Table 3.2). Through PCA, we collapsed the four winter variables for each plot in each 
year into one principle component (PC1) that accounts for 92% of the variance among 
these variables. This "winter composite variable" is influenced by all four measured 
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winter variables, as all have heavy loading on the PC axis (Table 3.2). Increasing values 
of PC1 correlated with colder soils and a smaller snowpack: decreasing minimum soil 
temperature, increasing maximum frost depth, decreasing maximum snow depth, and 
increased number of freeze-thaw cycles. Mean values of PC1 were significantly higher in 
the warmed + FTC treatment (2.6 + 0.1) than the warmed (-1.2 + 0.2) or reference 
treatments (-1.4 + 0.2;  p < 0.001). 
 
Root Damage 
 Soil freeze-thaw events in winter induced a 25% increase in root damage in the 
warmed + FTC treatment relative to the warmed (Figure 3.3; p = 0.01) treatment and a 
nearly significant 18% increase in root damage relative to the reference treatment (p = 
0.07) across both years. Root damage across all experimental treatments was significantly 
higher in 2015 than in 2014 (Figure 3.3; p <0.01). When we collapsed measured winter 
environmental variables into a composite variable, PC1, we found a positive relationship 
between increasing values of PC1 (corresponding to colder winter soils) and root damage 
(p = 0.01).  
 
Nitrogen in Soil Solution  
 Soil solution NH4+ concentrations across all treatments were higher during the 
early growing season than in winter or the mid-late growing season (p < 0.001). There 
was significantly more NH4+ than NO3- in soil solution during the early growing season 
(p < 0.001) with NH4+ making up 79.4 + 0.0 % of DIN across treatments during this 
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period of the year. Freeze-thaw cycles in winter increased soil solution NH4+ in the early 
growing season across both years, with NH4+ concentrations elevated by 200% compared 
to the warmed and 360% compared to the reference treatments (Figure 3.4a-b; p = 0.05), 
whereas there was no effect of treatment on soil solution NO3- (Figure 3.4c-d; p = 0.20). 
The increase in soil solution NH4+ during the early growing season was driven by 
increasing PC1 values (p = 0.01), rather than soil temperature (p = 0.18) or moisture (p = 
0.35) during the sampling period. Soil solution concentrations of NH4+, NO3-, and DIN in 
the winter (late October-May) and the peak-late growing season (mid-June - late-
October), as well as the annual sums of soil solution NH4+,  NO3-, and DIN did not differ 
among treatments (p > 0.05 for all).  
 
Root N Uptake Capacity  
 Prior to temperature manipulations on July 1, 2013, there were no statistically 
significant differences in NH4+ (Figure 3.5a; p = 0.80) or NO3- (Figure 3.5d; p = 0.33) 
uptake capacity by roots across treatments. Ammonium uptake capacity was significantly 
higher than NO3- uptake capacity by more than an order of magnitude and made up 95.3 
+ 0.0% of total DIN uptake across all sample dates (p <0.0001) and therefore dominated 
patterns of treatment response for total DIN uptake. Over the course of two treatment 
years, the response of root DIN uptake capacity to experimental treatment varied by 
sampling period (i.e., early-growing season (May 10 - June 11), peak-growing season 
(July 21-22), leaf senescence (September 23)) so samples were binned according to these 
time periods for subsequent analysis of treatment effect (Figure 3.5b-c; 3.5e-f).   
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 In the early growing season (e.g. May 10 - June 11), NH4+ (Figure 3.5b-c; p < 
0.001) and DIN (p < 0.001) uptake capacity were significantly lower in the warmed + 
FTC treatment compared to warmed and reference treatments, while NO3- uptake 
capacity did not vary among treatments (Figure 3.5e-f; p = 0.31). Averaged across all 
early growing season sample dates, total DIN uptake capacity was reduced in the warmed 
+FTC treatment (1.87 ± 0.22 µmol N g root-1 hr-1) by 41% relative to the warmed (3.13 ± 
0.27 µmol N g root-1 hr-1) and 42% relative to the reference (3.21 ± 0.22 µmol N g root-1 
hr-1) treatment (p = 0.02). There were no differences in root biomass across treatments (p 
= 0.73) measured in June 2015, so the differences in specific root N uptake capacity are 
likely not offset by differences in root biomass during this period. Root NH4+ and DIN 
uptake capacity in the early growing season decreased with increasing values of PC1 
(corresponding to colder winter soils; NH4+: p < 0.01; DIN: p < 0.01). In contrast, there 
were no significant relationships between NO3- uptake capacity in the early growing 
season with PC 1, growing season soil moisture, or growing season soil temperature (p > 
0.05 for all). When we collapsed all early growing season responses, we found that N 
uptake capacity had a significant negative relationship to root damage (Figure 3.6a; R2 = 
0.87, p < 0.01) and a near significant negative relationship to soil solution N (Figure 3.6b 
R2 = 0.57, p = 0.08), but no relationship to soil temperature at sampling (Figure 3.6c p = 
0.32).  
 By the peak growing season (July), both the warmed and warmed + FTC 
treatments had lower NH4+ (p < 0.01) and NO3- (p < 0.01) uptake capacity relative to the 
reference treatment and the magnitude of these differences was greater than the reduction 
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in NH4+ uptake capacity in the warmed + FTC treatment during the early growing season 
(Figure 3.5b-c). Total DIN uptake capacity was reduced by 48% in the warmed and 51 % 
in the warmed + FTC treatments (p < 0.01) relative to reference. The reduction in N 
uptake capacity in the peak growing season was related to increased growing season soil 
temperature (NH4+: p< 0.0001; NO3-: p< 0.01; DIN: p< 0.0001), but not soil moisture 
(NH4+: p = 0.43; NO3-: p = 0.59; DIN: p = 0.45) nor PC1 (NH4+: p = 0.87; NO3-: p = 
0.18; DIN: p = 0.97). When we collapsed all peak growing season responses, we found 
that DIN uptake capacity had no relationship to soil solution N (Figure 6d; p = 0.73), but 
was strongly related to soil temperature at sampling during the peak growing season 
(Figure 6e; R2 = 0.99, p < 0.001). In the late growing season (late-September, measured 
in 2014 only), there were no significant differences in NH4+ (p = 0.58), NO3- (p = 0.27), 
or DIN (p = 0.64) uptake capacity among treatments (data not shown). 
 
Foliar Nitrogen  
 Prior to temperature manipulations in August 2013, there were no statistically 
significant differences in foliar N concentrations (p = 0.34; Figure 7b) or litterfall mass (p 
= 0.72) of red maple trees among treatments, although trees in both warmed treatments 
tended to have higher foliar N than reference trees. Across two years of experimental 
treatment, foliar N in the warmed + FTC plots was significantly higher than the reference 
treatment by 19% (Figure 7a; p < 0.01), but there were no statistically significant 
differences between reference and warmed treatments (p = 0.37) or warmed and warmed 
+ FTC treatments (p = 0.19). Foliar N concentrations across both treatment years were 
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positively related to PC 1 (p < 0.01) and growing season soil moisture (p = 0.01), but not 
to growing season soil temperature (p = 0.30). Red maple litterfall mass did not differ 
significantly among treatments across 2014 and 2015 (p = 0.16), so it is likely that foliar 
N concentrations across treatments reflect similar relationships across treatments for total 
red maple canopy N content in each plot. 
 
DISCUSSION 
 Using a combination of soil heating cables and snow removal, we simulated 
projected changes in climate across seasons for the northeastern U.S. over the next 
century (Hayhoe et al., 2007; Campbell et al., 2010) in a northern forest ecosystem. We 
created four freeze-thaw cycles in winter and elevated growing season soil temperatures 
by 5 °C for two consecutive years. We found that the combination of these climate 
changes across seasons leads to ecosystem responses that are not uniform across the year: 
early growing season N responses include reduced root N uptake capacity and increased 
soil solution N driven by winter soil freeze-thaw cycles, while peak growing season 
responses such as reduced root N uptake capacity and increased foliar N are influenced 
by growing season warming. Together, these results show that the combined effects of 
soil freezing in winter and soil warming in the growing season will likely lead to 
increases in soil solution N that could lead to greater movement of N from the organic 
horizon to deeper soils in the early growing season and potentially to nearby waterways. 
We hypothesized that root damage caused by increased freeze-thaw cycles in winter 
reduce N uptake and offset any increases in root N uptake capacity caused by warming in 
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the growing season. Instead, we found that growing season warming also causes declines 
in root N uptake capacity, and therefore the combination or freeze-thaw cycles and 
warming cause reduced root N uptake capacity that begins at leaf-out and persists during 
the peak growing season. Combined freeze-thaw cycles in winter with warming in the 
growing season led to increased foliar N concentrations of red maple trees, but no effects 
on soil solution N during the peak growing season. Our results demonstrate the 
importance of evaluating manifestations of climate change across the year since changes 
in winter and growing season climate have distinct effects on ecosystem N cycling.  
  
Ecosystem N retention in the early growing season controlled by winter soil temperatures 
 Similar to findings from snow removal experiments that create persistent soil 
freezing in winter (Cleavitt et al., 2008; Campbell et al., 2014), we found that soil freeze-
thaw cycles cause over winter damage to tree roots.  The greater amount of root damage 
measured in 2015 compared to 2014 likely resulted from relatively colder soil 
temperatures in the 2014-2015 than 2013-2014 winter (Table 3.1). Our findings also 
match those of earlier studies (Campbell et al., 2014; Fitzhugh et al., 2003) showing that 
root damage resulting from soil freezing in winter leads to reductions in plant N uptake 
and higher N concentrations in soil solution. Together, these results indicate that N in soil 
solution in the early growing season is likely to increase for northern hardwood forests in 
the future.  
We found that soil freeze-thaw cycles in winter, rather than warming in the 
growing season, had a stronger effect on early growing season ecosystem N dynamics. 
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Warming in the growing season did not offset effects of soil freeze-thaw cycles on early 
growing season N dynamics. The greater soil solution N in warmed + FTC plots in the 
early growing season is likely due primarily to reductions in plant uptake, rather than 
increased rates of net mineralization or nitrification for several reasons. Increased soil 
solution N was dominated by NH4+, which is the preferred form of N for uptake by trees 
at our site (Figure 3.5).  Therefore, reductions in NH4+ uptake by trees likely left greater 
amounts of NH4+ remaining in soil solution. Also, previous work demonstrates that soil 
freezing in winter reduces in situ rates of mineralization and nitrification (Durán et al., 
2016), microbial enzyme activity (Sorensen et al., 2016), and soil N availability (Durán 
et al., 2016), suggesting that while we did not measure soil mineralization and 
nitrification in our experiment, these soil processes likely declined in plots that 
experienced soil freeze-thaw cycles in winter. While soil warming has been shown to 
enhance in situ N mineralization rates and increase soil N availability (Rustad et al., 
2001; Bai et al., 2013), we did not find a difference in soil solution N between the 
reference and warmed plots in the early growing season. This lack of difference shows 
that the negative effects of soil freeze-thaw cycles on plant roots and rates of N uptake 
likely overrode any stimulatory effects of soil warming on microbial production of N in 
the warmed + FTC plots during the early growing season. Therefore, we conclude that 
increased N in soil solution in the early growing season likely resulted from root damage 
and reduced N uptake capacity, rather than changes in microbial production through soil 
mineralization and/or net nitrification.  
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Ammonium dominates most of the soil solution in this forest; therefore, soil 
freeze-thaw induced increases in soil solution N may cause more N to move to deeper 
soils, rather than to move into nearby waterways since NH4+ is often adsorbed onto soil 
particles (Ranjan et al., 2012). However, the soils at this site are particularly sandy (Scott 
Bailey, personal communication), which has a lower cation exchange capacity compared 
to clay soils (Wang & Alva, 2000), making it challenging to predict whether increased 
NH4+ in soil solution caused by soil FTCs will lead to greater movement of N to deeper 
soils or through the soil profile into nearby waterways. 
 Previous long-tern ecosystem warming experiments demonstrate that observed 
soil and plant responses to simulated climate warming diminish over time (Frey et al., 
2013; Reich et al., 2016) due in part to acclimation of microbial and plant communities to 
warming (Atkin & Tjoelker, 2003; Bradford et al., 2008; Nicotra et al., 2010). It is 
possible that plant responses to winter freeze-thaw cycles observed in our study may 
diminish similarly if trees acclimate to changing patterns of soil temperatures over a 
long-term period of altered soil temperatures. For example, tree roots in geographic areas 
that historically experience a shallow and intermittent snowpack may be less sensitive to 
the effects of colder soils in winter.  However, our results demonstrate that at least in the 
near-term, the effect of reduced snowpack and increased soil freeze-thaw cycles in winter 
have important implications for growing season root processes that are not offset by 
warmer growing season soil temperatures.  
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Ecosystem N retention in the peak growing season controlled by growing season soil 
temperatures  
 In contrast to our findings for the early growing season, we did not observe a 
treatment effect on peak growing season concentrations of soil solution N.  These results 
show that the pulse of soil freeze-thaw-induced increases in soil solution N observed in 
the early growing season are unlikely to persist throughout the growing season in 
northern hardwood forests. However, because most N export occurs in northern 
hardwood forests in the early growing season (Likens, 2013), it is not surprising that we 
did not see a persistent increase in soil solution N throughout the summer. Concentrations 
of soil solution N in the peak growing season were not related to observed declines in N 
uptake capacity caused by warming, both with and without exposure to winter freeze-
thaw cycles. The lack of relationship between root N uptake and soil solution N in the 
peak growing season suggests that an alternate mechanism is responsible for reduced N 
uptake capacity in the peak versus early growing season with different implications for 
ecosystem N retention. Nitrogen uptake by roots is an enzyme-mediated temperature-
dependent active transport process that occurs at the root-soil interface (Chapin, 1980). 
At experimental field temperatures (e.g., 5 °C above ambient), roots from the warmed 
treatment may have taken up greater amounts of N than roots in the reference plots, 
driven by soil temperature and enzyme kinetics. We would not observe this change in our 
laboratory assay, which was conducted at room temperature across treatments. The 
reduction in N uptake capacity measured in the lab for roots collected from both of the 
warmed treatments could be due to a shift in the temperature sensitivity of N uptake for 
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roots that were warmed in the field (BassirirRad, 2000). A likely shift in temperature 
sensitivity of N uptake is reflected in the strong negative relationship between measured 
N uptake capacity in the lab to field soil temperature at sampling (Figure 3.6e) and 
further supported by the increased foliar N for trees that experienced both freeze-thaw 
cycles in winter and growing season warming, despite reduced N uptake capacity 
measured in the lab.  The relationship between soil temperature at the time of sampling 
and reduced root N uptake capacity emerged during the peak growing season and was not 
evident in the early growing season during the leaf-out period (Figure 3.6c), suggesting 
that warming-induced reductions in root N uptake capacity may be a short-term 
acclimation to elevated temperature by roots in the warmed treatment that occurred over 
the course of the growing season.  
 
Foliar Nitrogen 
  In contrast to previous soil warming studies (Melillo et al., 2011; Bai et al., 
2013), we did not find a stimulatory effect of warming alone on foliar N concentrations. 
The difference in foliar N response to warming between our study and past studies could 
be due to differences in experimental approach. Past studies that demonstrated a positive 
relationship between warming and foliar N have warmed soils throughout the year 
(Butler et al., 2012; Bai et al., 2013). This approach increases rates of N mineralization 
over winter (Contosta et al., 2011) that leads to larger pools of soil N  for trees to take up 
in spring. In contrast, soils in our experiment were not warmed throughout the winter. We 
aimed to mimic future winters with greater frequency of soil freeze-thaw cycles to match 
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projections for this region (Hayhoe et al., 2007). Therefore, trees in our warmed plots had 
similar amounts of soil N as our reference plots in the early growing season (Figure 3.4).  
Also, unlike our study, roots in year-round warming experiments are unlikely to 
experience damage from soil freezing in winter that would reduce N uptake capacity in 
the following growing season, as we found in this study. Therefore, we conclude that 
warmer temperatures in the growing season alone are unlikely to increase foliar N in 
northern hardwood forests over the next century. It is worth noting that we only 
examined foliar N of the dominant tree species, red maple, and we cannot rule out that 
warming did not induce greater foliar N concentrations in co-occurring tree species or 
that the magnitude of response may increase with additional years of warming.  
Surprisingly, we observed an increase in foliar N for trees that experienced 
warming combined with freeze-thaw cycles in winter, despite reduced N uptake capacity 
by roots observed for these trees over the entire growing season. Although seemingly 
contradictory, we speculate that enhanced foliar N could result from compensatory shifts 
in allocation of acquired N to foliage, in response to root damage, as observed in studies 
examining the impacts of belowground root herbivory on plant function (Newingham et 
al., 2007).  
 
Implications for forest N cycling in a changing climate 
 Regional models project that as climate continues to warm in the northeastern 
U.S., forest ecosystems that are adapted to seasonal snow cover will experience colder 
soils and increased freeze-thaw frequency in winter even as the annual mean air 
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temperatures warm (Hayhoe et al., 2007; Campbell et al., 2010).  Results from our study 
indicate that considering the effects of winter climate change in combination with 
warming during the growing season reveals changes in root health, plant N uptake 
capacity, foliar N, and soil solution N that would not be evident from examining either 
season in isolation.  Based on results of this study, we conclude that the combination of 
colder soils in winter and warmer soils in the growing will reduce root N uptake capacity 
and lead to increased N in soil solution in the early growing season, which has the 
potential to move to deeper soils or nearby waterways over time. The movement of N in 
soil solution is likely to be transient and limited to the early growing season, as we did 
not find evidence of continued N accumulation in soil solution during the peak growing 
season. We conclude that the effects of climate change in both the winter and growing 
season on the role of trees in ecosystem N cycling should be considered when projecting 
the N retention capacity of northern hardwood forests in the future. 
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TABLES AND FIGURES 
 
Table 3.1 Winter environmental variables by experimental treatment. Values are means 
with standard error across winters 2013-14 and 2014-15 (n = 2 plots per treatment). 
Distinct letters within a row indicate statistically significant differences among 
treatments; *p < 0.05, **p < 0.01, *** p < 0.001. 
 
    Reference Warmed Warmed + FTC 
Minimum soil temperature (°C) 2013-14** -0.01a + 0.02 0.05a + 0.03 -2.84b + 0.17 
 2014-15** -0.14a + 0.01 -0.23a + 0.03 -2.12b + 0.13 
Maximum frost depth (cm) 2013-14* 14.1a + 2.6 11.1a + 0.72 22.8b + 2.5 
 2014-15* 14.0a + 1.5 15.2a + 1.0 20.1b + 2.9 
Maximum snow depth (cm) 2013-14* 73.3a + 3.1 64.7a + 3.0 30.5b + 2.4 
 2014-15*** 55.3 a + 0.8 51.3a + 1.1 18.6b + 0.7 
Number of soil FTCs 2013-14 0 0 4 
  2014-15 0 0 4 
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Table 3.2. Pearson correlation coefficients (r) for relationships between winter 
environmental variables and variable loadings on the first principle axis. 
 
  
Min. 
soil 
temp. 
Max. 
frost 
depth 
Max. 
snow 
depth 
FTCs 
Minimum soil temperature 1 -0.84 0.82 -0.96 
Maximum frost depth  - 1 -0.96 0.92 
Maximum snow depth  - - 1  -0.89 
Number of soil FTCs - - - 1 
"Winter Composite Variable" 
PC1 Loading -0.49 0.50 -0.50 0.51 
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Figure 3.1 Soil temperatures at 10 cm depth from (a) December 2013-December 2014 
and (b) December 2014-December 2015.   
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Figure 3.2 Soil moisture integrated from 0 to 30 cm depth from (a) December 2013-
December 2014 and (b) December 2014-December 2015.   
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Figure 3.3.  Root damage measured as relative electrolyte leakage (%) for hardwood trees 
measured in April 2014 and 2015. Values are means with standard error (n = 2 plots per 
treatment). Different letters represent statistically significant differences between 
treatments across years (p < 0.05).
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Figure 3.4. Soil solution N as NH4+ in (a) 2014 and (b) 2015 and as NO3- in (c) 2014 and 
(d) 2015 measured with ion exchange resin bags. Values are means with standard error (n 
= 2 plots per treatment). Different letters represent statistically significant differences 
between treatments across the two years of this study (* p < 0.05). 
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Figure 3.5. Root nitrogen uptake capacity of hardwood trees by sampling date across pre-
treatment baseline year (2013) and two years of experimental treatment (2014 and 2015). 
Shaded regions represent the early growing season sample dates in 2014 and 2015 (leaf 
senescence sampling point, September 2014, is not shown). Values are means with 
standard error within each treatment for each measurement date (n = 2 plots per 
treatment) representing NH4+ uptake in (a) 2013, (b) 2014 and (c) 2015 and NO3- uptake 
in (d) 2013, (e) 2014 and (f) 2015. Different letters represent statistically significant 
differences between treatments across the two year study (* p < 0.05).
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Figure 3.7. Foliar N concentrations of red maple trees across (a) two years of 
experimental treatment (2014 and 2015) and (b) in pre-treatment baseline year (2013). 
Values are means with standard error (n = 2 plots per treatment). Different letters 
represent statistically significant differences between treatments across the two years of 
this study (p < 0.05).
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CHAPTER FOUR: SNOW DEPTH, SOIL TEMPERATURE, AND  
PLANT-HERBIVORE INTERACTIONS MEDIATE PLANT RESPONSE TO 
CLIMATE CHANGE 
 
ABSTRACT 
 Warmer air temperatures and a reduced depth and duration of winter snowpack 
are projected for seasonally snow-covered northern temperate forests over the next 
century.  Declines in winter snow cover will expose soils to winter air and increase 
frequency of soil freeze-thaw cycles (FTCs) with potential impacts on nitrogen and 
carbon cycles. We conducted an experiment at Hubbard Brook Experimental Forest, NH, 
USA to examine the effects of these projected changes in climate on 70 sugar maple 
(Acer saccharum) and 70 red maple (Acer rubrum) saplings. We found that a smaller 
snowpack and increased frequency of soil FTCs in winter led to greater root damage in 
sugar maple and increased nitrogen in soil solution associated with both sugar maple and 
red maple. In contrast to these belowground dynamics, aboveground plant properties such 
as foliar nitrogen, rates of carbon uptake via photosynthesis, stem growth, and litterfall 
production were not affected by snow removal or soil FTC frequency for either species. 
Unexpectedly, snowpack reduction led to decreased rates of stem herbivory by voles in 
winter, suggesting that in the future a smaller snowpack will lead to reductions in 
herbivory damage to aboveground plant tissue, which could offset root damage induced 
by soil FTC. These results demonstrate that predicting the interactive effects of climate 
change across seasons on the role of plants in ecosystem nitrogen and carbon cycling 
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requires an understanding of feedbacks between trophic level interactions and 
biogeochemical cycling. 
 
INTRODUCTION 
 Many northern latitude temperate forest ecosystems around the globe are net 
carbon (C) sinks (Pan et al., 2011) and help to mitigate the negative effects of elevated 
atmospheric nitrogen (N) deposition through retention of N in plants and soils (Templer 
et al., 2012). However, the ability of these ecosystems to store C and N will be altered 
with climate change. Air temperatures in this region are projected to warm 3-5 °C over 
the next century, which will lead to warmer soils in the growing season (Hayhoe et al., 
2007). Over the same time period, the depth and duration of the winter snowpack, which 
insulates soils from below-freezing temperatures (Decker et al., 2003), is expected to 
decline resulting in colder winter soil temperatures and greater frequency of soil freeze-
thaw cycles (FTCs; Henry, 2008; Campbell et al., 2010). The interactive effects of these 
changes in soil temperature across seasons and how they affect the biological processes 
that control ecosystem N and C uptake and retention are unknown.  
 Understanding how changes in both growing season and winter climate interact is 
critical to improving predictions of how N and C cycling in northern temperate forest 
ecosystems will change over the next century since climate change will occur throughout 
the year and not in one season alone (Hayhoe et al., 2007). However, our current 
understanding of the response of vegetation to climate change is primarily based on 
experiments that isolate the effects of soil warming on growing season dynamics or the 
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effects of a smaller winter snowpack and increased severity of soil freezing in winter. 
Warmer temperatures accelerate litter decomposition, soil net N mineralization, and soil 
N availability in temperate forest ecosystems (Rustad et al., 2001; Bai et al., 2013), 
leading to enhanced plant growth and aboveground C sequestration (Rustad et al., 2001; 
Lin et al., 2010; Wu et al., 2011). Warming also extends the growing season by 
accelerating leaf-out in spring (Richardson et al., 2013) and in some cases delaying leaf 
abscission in autumn (Norby et al., 2003; Gill et al., 2015), which increases rates of total 
annual forest C uptake (Keenan et al., 2014). In contrast, increased frequency of soil 
freezing in winter has largely negative effects on plant uptake of N and C. For example, 
soil freezing damages roots (Cleavitt et al., 2008; Comerford et al., 2013), induces root 
mortality (Tierney et al., 2001b), and decreases root N uptake (Campbell et al., 2014) and 
foliar N (Li et al., 2016) in the following growing season, leading to increased ecosystem 
N losses (Fitzhugh et al., 2001; Campbell et al., 2014). Soil freezing also alters plant C 
dynamics by reducing cold tolerance of conifer needles (Schaberg et al., 2008), delaying 
photosynthetic recovery by conifer species in spring (Fréchette et al., 2011), stimulating 
fine root production during the growing season (Sorensen et al.; Cleavitt et al., 2008), 
and reducing terminal shoot elongation (Comerford et al., 2013), all of which likely lead 
to shifts in plant C allocation and storage.  
 Winter climate change manipulation experiments in forests typically create 
persistent soil freezing through snow removal for several weeks to several months 
(Robitaille et al., 1995; Freppaz et al., 2008; Campbell et al., 2014; Reinmann & 
Templer, 2016). However, climate models project increased frequency of soil FTCs in 
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winter (Henry, 2008; Campbell et al., 2010). The effects of varying FTC frequency are 
important to determine since maximum root damage and cascading effects on N and C 
uptake by plants could occur during FTCs early in winter or could worsen progressively 
as FTC occurrence increases throughout the season.  
Projected changes in climate also have the potential to alter forest tree species 
composition. For example, Acer rubrum (red maple) and Acer saccharum (sugar maple), 
two dominant tree species in northeastern U.S. forests, may respond differently to climate 
change. While red maple has been steadily expanding its range over the past several 
decades (Fei & Steiner, 2007), sugar maple populations have declined across the 
northeastern U.S. due to extreme weather events, base cation depletion due to acid 
deposition, outbreaks of insect defoliators, and drought (Horsley et al., 2002). The 
sensitivity of sugar maple trees to changing environmental conditions suggests that this 
species could be highly sensitive to changes in soil temperatures across seasons as well. 
Tree species-specific sensitivities to soil warming, soil FTCs, or even indirect effects of 
changing winter snow depth and soil temperature, such as shifts in overwinter sapling 
survival (Drescher & Thomas, 2013) or selective sapling browsing in winter by animals 
(Christenson et al., 2014), could affect population trajectories and influence the relative 
composition of northern temperate forests. Since tree species composition exerts strong 
control over forest ecosystem N and C cycling (Templer et al., 2005), it is important to 
assess how both red maple and sugar maple saplings respond to projected climate change 
since their responses could be different.  
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In 2013 we established an experiment with 140 maple saplings at Hubbard Brook 
Experimental Forest (HBEF) in New Hampshire, U.S.A. to examine the effects of 
growing season warming, varying snow depth, and frequency of soil FTCs on N and C 
uptake by sugar maple and red maple. For each species, ten saplings experienced ambient 
temperatures and snowpack depth (reference), ten experienced growing season warming 
by 5 °C with ambient snowpack depth in winter (warmed), ten in each of four groups 
experienced warming in the growing season coupled with two, four, six, or eight FTCs in 
winter (warmed + 2 FTC, warmed + 4 FTC, warmed + 6 FTC, warmed + 8 FTC), and 
ten experienced persistent snow removal in winter with ambient temperatures in the 
growing-season (snow removal; Fig. 4.1). We hypothesized that 1) reduced winter 
snowpack and greater frequency of soil FTCs lead to progressively stronger root damage 
to sugar maple and red maple saplings that subsequently decreases foliar N concentration 
and rates of C uptake during the following growing season, that 2) the magnitude of these 
negative effects are stronger for sugar maple than red maple, and that 3) negative effects 
of soil freezing in winter are partially compensated for by warming-induced increases in 
N and C uptake in the growing season. 
 
METHODS 
Experimental Design and Site Establishment 
 This experiment was conducted in an open field at the HBEF, located in the 
White Mountain National Forest in Woodstock, NH (43°56′N, 71°45′ W). Mean annual 
precipitation is 1,400 mm, with snowpack typically lasting from mid-December until 
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mid-April (Campbell et al., 2010). We excavated soil throughout the site to a depth of 0.5 
m and placed open bottom pots (0.56 m diameter and 0.46 m tall) in seven rows (one row 
per treatment) spaced 1.2 m apart. It was not possible to create a randomized design 
because of constraints associated with the electrical system for warming. Homogenized 
soil from the site was used to backfill the pots until they were buried with their tops even 
with the surrounding soil surface. A 2.2 m tall fence was installed to exclude deer and 
moose. Saplings (2-3 years old) were purchased from a commercial nursery (New 
England Wetland Plants, Inc; Amherst, MA, USA) where they were grown from seed 
collected from native trees in Hampshire County, MA. Saplings ranged from 30-100 cm 
in height at the start of the experiment and were planted into individual pots (1 plant per 
pot) with their root ball intact in June 2013. One pot was left bare at the end of each row 
to serve as a buffer. Saplings were allowed to equilibrate for six months following 
planting before experimental treatments began in December 2013. 
To monitor soil temperature and moisture, eight thermistors (n = 4 per species; 
Betatherm type 10K3A1 thermistor bead, Part #13424, Campbell Scientific, Logan, UT, 
USA) at 10 cm depth and two volumetric soil moisture sensors (n = 1 per species, Model 
CS616, Campbell Scientific, Logan, UT, USA) were installed in each treatment row.  
 
Soil Temperature Treatments 
 For each of the five warmed treatments (i.e., warmed, warmed + 2 FTC, warmed 
+ 4 FTC, warmed + 6 FTC, and warmed + 8 FTC), we threaded 30 m resistance heating 
cable (1.4 Ohm m-1 Norwegian TXLP; 2 cables per row) through slits in the sides of 
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adjacent pots so that 2 m of cable was allocated to each warmed pot. Soil FTCs were 
applied by removing snow via shoveling to expose the soils to below-freezing air 
temperatures and induce soil freezing. Once soils were below -0.5 °C (to account for 
depressed freezing point of soil water due to solute concentration) for 72 hours, the 
heating cables were turned on to warm the soils to a consistent thaw of 1°C for 72 hours. 
The entire six-day cycle of soil freezing to below -0.5 °C for 72 hours and warming to 1 
°C for 72 hours comprised one FTC. Snow removal began in December and continued in 
rows experiencing FTC treatments, until all assigned FTCs had been completed for a 
maximum of ~10 weeks. The snow removal treatment lasted for ~10 weeks in each 
winter and consisted of shoveling alone (i.e., no thawing with heating cables). Weekly 
measurements of snow depth were made from December through April during each 
winter of experimental treatment (i.e., 2013-2014 and 2014-2015 winters) at four 
locations in each treatment row using a meter stick placed vertically into the snowpack on 
each sample date.  
 At the onset of the growing season, defined as the time at which all snow and soil 
frost melted and the daily soil temperatures began a natural ramp up (Groffman et al., 
2012), we initiated the soil warming treatment in the warmed and warmed +2, 4, 6, and 8 
FTC treatments. Growing season warming for each treatment year began on April 18, 
2014 and April 20, 2015, respectively. Once triggered, the heating cables were used to 
maintain soil temperatures at 5 °C above ambient temperatures throughout the growing 
season for each treatment year until November 19, 2014 and November 10, 2015, 
respectively.  
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Belowground Measurements 
 Root damage was assessed immediately following snowmelt in April 2014 and 
2015 by relative electrolyte leakage (REL), a metric of root cell membrane integrity, 
according to Schaberg et al. (2008) with minor modification. Approximately ~0.5 g of 
fresh fine roots were removed from four saplings per species in each treatment (n = 56 
total per year). Within twelve hours of excision, roots were separated by volume into 
three replicates per sample of approximately 0.25 cm3 (0.04 - 0.10 g) root, and placed 
into centrifuge tubes with 15 mL of 0.1% Triton X-100 DDI water. Samples were 
agitated overnight and then solution conductivity was measured with an Oakton CON 
110 TDS meter (Oakton Instruments, Vernon Hills, IL). Sample tubes were autoclaved at 
101 °C for 15 minutes to kill roots, agitated for another 24 hours, and re-measured for 
solution conductivity.  
 Soil solution N was measured using nylon bags filled with 10 g of mixed anion-
cation ion exchange resin (Monosphere MR-3 beads; hereafter ‘resin bags’) buried in five 
pots of each species to a depth of 10 cm below the soil surface (n = 5 per treatment per 
species). Resin bags were incubated throughout the winter (late October to early May), 
early growing season (early-May – mid-June) and mid-late growing season (mid-June to 
late-October) from October 2013 to June 2015. Once harvested, resin beads were 
analyzed according to Templer et al. (2005). Concentrations of NH4+ and NO3- in 2 M 
potassium chloride resin extract were determined colorimetrically using a Versamax 
microplate spectrophotometer (Molecular Devices, LLC; Sunnyvale, CA; Sims et al., 
1995; Doane & Horwáth, 2003). Annual amounts of DIN in soil solution collected over 
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each year was calculated by the sum of DIN collected during each resin bag incubation 
period for each year. 
 
Aboveground Measurements 
 Leaf level photosynthesis was measured biweekly on fully expanded, intact leaves 
June through August 2014 and September 2015 using a LI-6400 (LiCor, Lincoln, 
Nebraska, USA; n = 4 per species per treatment, 7 sampling dates per year). 
Photosynthesis was only measured on saplings with fully expanded leaves in those 
affected by herbivory in 2015. Measurements were made at saturating light levels (1000 
µmol photons m-2 sec-1, verified with light response curves for reference saplings of each 
species) using a built-in LED light source, the CO2 concentration in the reference 
analyzer was set to 400 µmol mol-1, and relative humidity and temperature in the sample 
chamber were equilibrated to ambient levels.  
 Immediately following photosynthesis measurements on June 3, 2014 and June 
10, July 9, July 21, and August 22, 2015, three leaves were excised from each sapling, 
dried at 60 °C for 72 hours, weighed, and homogenized for N concentration analysis via 
flash combustion (Thermoquest NC 2500 autoanalyzer). Litterfall production and stem 
growth were assessed as measures of aboveground productivity in 2014 only. All litter 
that fell within nets erected around sapling was collected bi-weekly in fall 2013 and 2014 
until all foliage senesced and fell. Litter was oven dried to a constant mass and weighed. 
Stem growth was assessed by measuring stem diameter at 10 cm height with a caliper in 
late November 2013 and 2014. Due to variability in sapling size, a relative metric of litter 
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production and stem growth were calculated as the ratio of post-treatment (2014) to pre-
treatment (2013) values for each sapling.  
 
Herbivory  
 The degree of overwinter stem herbivory damage was assessed by measuring the 
total vertical extent of damaged bark using a ruler. On July 21, 2015 saplings were 
classified according to their recovery from stem herbivory damage according to the 
following: no damage, healthy with damage (e.g., leaves fully expanded, all shoots alive), 
regrowth with damage (e.g. failed to leaf-out on original stem but new shoots growing 
from beneath stem damage), or dead.  
 
Statistical Analysis 
 All statistical analyses were conducted in R version 3.1.2 (R, 2014). The effects 
of experimental treatment on reported mean environmental variables in each year were 
assessed by one-way analysis of variance (ANOVA). The effects of treatment on root 
damage, N in soil solution, photosynthetic rate, foliar N concentrations, stem growth, and 
litterfall were assessed using linear mixed effects (LME) models with all warmed + FTC 
treatments binned into one category across both years of the study (i.e., 2014 and 2015) 
and sapling as the random effect to account for repeated measures and auto-correlation. 
Posthoc pairwise comparisons among treatments were calculated using Tukey's HSD 
tests. The same responses were then assessed for effect of warming combined with FTC 
frequency across both treatment years through LME modeling with FTC frequency as a 
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continuous fixed effect and sapling as the random. Overall fit of the FTC frequency effect 
was assessed using marginal R2 (R piecewiseSEM package; 53). The relationship of 
herbivory damage in winter 2014-2015 to FTC frequency and snow depth was assessed 
with a simple linear regression. For all statistical models, assumptions of normality and 
constant variance were assessed by visual inspection of residual plots and data were log 
transformed when necessary.  
 
RESULTS 
Soil Freeze-Thaw Cycles, Snow Depth, and Soil Temperature 
 Two, four, six, or eight FTCs were induced in each of the warmed + FTC 
treatments during winters 2013-2014 and 2014-2015 (Fig. 4.2). Average snow depth was 
significantly reduced in the snow removal and all warmed + FTC treatments compared to 
reference treatment (p < 0.001; Table 4.1a). Within the warmed + FTC treatments, FTC 
frequency was inversely related to average snow depth (p < 0.001, R2 = 0.95). Minimum 
soil temperatures were lowest in the snow removal treatment, intermediate in the warmed 
+ FTC (i.e., warmed + 2, 4, 6, and 8 FTC) treatments, and highest in the warmed and 
reference treatments (Table 4.1a). There were no statistically significant differences in 
snow depth or minimum soil temperature between the warmed and reference treatments 
in 2014, but average snow depth was deeper in the reference compared to warmed 
treatment in 2015 (Table 4.1a). 
 During both growing seasons (April 18 - November 19, 2014 and April 21-
November 10, 2015), soil temperatures in the warmed treatments (i.e., warmed, warmed 
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+ 2, 4, 6, and 8 FTC) were significantly higher than reference by 5.2 ± 0.1 °C in 2014 (p 
< 0.001) and 4.8 ± 0.1 °C in 2015 (p < 0.001, Table 4.1b). Soil moisture did not differ 
significantly among treatments (Table 4.1b).  
 
Belowground Measurements 
 Snow removal significantly increased root damage of sugar maple saplings 
relative to reference (p < 0.01) and warmed (p < 0.001) saplings across both winters. 
Increased frequency of FTCs was positively related to root damage of sugar maple 
saplings (p < 0.05; R2marginal = 0.13; Fig. 4.3a). For red maple saplings, there were no 
significant differences in root damage among reference, warmed, and warmed + FTC 
treatments, although there was a marginally significant increase in root damage for 
saplings in the snow removal relative to warmed treatments (p = 0.059). There was no 
statistically significant relationship between soil FTC frequency and root damage for red 
maple saplings (p = 0.33; Fig. 4.3b).  
 We used soil solution N availability below the primary rooting zone as a relative 
index of N leaching from soils (Templer et al., 2005). Across seasons, treatments, and 
tree species, nitrate (NO3-) concentrations in soil solution were significantly higher than 
ammonium (NH4+; p < 0.001) and made up 73.2 ± 1.2 % of total dissolved inorganic 
nitrogen (DIN). Increasing frequency of soil FTCs in winter was positively related to soil 
solution NO3- in winter for sugar maple saplings (p = 0.01, R2marginal = 0.17) and soil 
solution NH4+ (p = 0.03, R2marginal = 0.12) for red maple saplings, as well as marginally 
related to increased soil solution NO3- (p = 0.07, R2marginal = 0.08) for red maple saplings. 
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FTC frequency was positively related to total soil solution DIN for both species in winter 
only (p < 0.01, R2marginal = 0.18 and p = 0.04, R2marginal = 0.12 for sugar and red maple, 
respectively; Fig. 4.3b). There were no significant differences in soil solution NH4+ or 
NO3- during leaf-out (Table 4.2) or the growing season (Table 4.3), or on total annual soil 
solution N among treatments for either species (p > 0.05 for all relationships). 
 
Aboveground Measurements 
 Rates of leaf level photosynthesis were ~70% higher in red maple (9.4 ± 0.1 µmol 
CO2 m-2 sec-1) than sugar maple (5.4 ± 0.1 µmol CO2 m-2 sec-1) saplings across all 
treatments and sample dates (p < 0.001; Table 4.4). There were no significant effects of 
treatment on photosynthesis, nor a significant relationship between photosynthesis and 
number of FTCs for sugar maple (p = 0.71; R2marginal = 0.00) or red maple saplings (p = 
0.56; R2marginal = 0.01). 
 We use foliar N as an indicator of plant N status and proxy for plant N uptake 
(Ferreira et al., 2015). Foliar N concentrations across all treatments and sampling dates 
were approximately 20% higher in red maples (2.21 % ± 0.03) than sugar maples (1.84 % 
± 0.02; p < 0.001). For red maple saplings, there was a significant increase in foliar N in 
the snow removal treatment relative to the warmed treatment (p = 0.02; Table 4.4) and a 
marginally significant increase in the snow removal treatment relative to warmed + FTC 
(p = 0.08). Within the warmed + FTC treatments, there was no relationship between FTC 
frequency and foliar N concentrations for sugar maple (p = 0.28) or red maple (p = 0.95). 
Foliar N did not vary significantly across the growing season in 2015 (p = 0.51) and 
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across all 2015 sampling dates there were no significant differences among treatment 
(sugar maple: p = 0.40; red maple: p = 0.62) or FTC frequency for either species (sugar 
maple: p = 0.12; red maple: p = 0.94). 
 Red maples had significantly higher rates of stem growth (p = 0.02) and litterfall 
production (p = 0.02) in 2014 than sugar maples across all treatments. There was no 
significant treatment effect on stem growth or litterfall production for red maple or sugar 
maple (p > 0.05 for all relationships; Table 4.4). 
 At snowmelt in April 2015, we discovered extensive over-winter herbivory 
damage to sapling stems in the form of partial or complete girdling from bark 
consumption (Fig. 4.4). Damage to stems was consistent with vole herbivory, based on 
observations of parallel groove markings on the stem (Gill, 1992). The dominant species 
of voles in this area is Clethrionomys gapperi, a forest and field dwelling species 
(Holmes et al., 1999). Sugar maple incurred significantly more extensive damage from 
vole herbivory than red maple (p < 0.001). Damage was greater for reference and 
warmed treatments compared to warmed + FTC or snow removal treatments for both 
sugar maple (p < 0.001) and red maple (p < 0.001). Increased extent of herbivory 
damage to both sugar maple and red maple was inversely related to FTC frequency (sugar 
maple: p < 0.001, R2= 0.48; red maple: p < 0.01, R2= 0.22; Fig. 4.5). Across all 
treatments, increasing winter snow depth was a significant driver of increased herbivory 
damage for both species (sugar maple: p < 0.001, R2= 0.54; red maple: p < 0.001, R2= 
0.26), although the relationship was stronger for sugar maple than red maple (Fig. 4.6a-
b). Decreasing snow depth across all treatments was also a significant driver of increasing 
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root damage from soil FTC in 2015 (sugar maple: p < 0.01, R2= 0.26; red maple: p < 
0.01, R2= 0.31; Fig. 4.6c-d). Stem herbivory was likely the cause of a failure of first leaf 
flush for sugar maple and red maple in the reference treatment and for sugar maple in the 
warmed + FTC, and warmed treatments in 2015 (Fig. 4.7). All aboveground 
measurements in 2015 (e.g., photosynthesis, foliar N) were collected from surviving 
saplings with fully expanded foliage only. By mid July 2015, 50% of sugar maple in the 
reference treatment died as a result of herbivory damage and many sugar maples in the 
reference, warmed, and warmed + FTC treatments were re-growing new stems from 
below the height of stem wounds (Fig. 4.8).  
 
DISCUSSION 
 Climate change over the next century will affect soil temperatures for vegetation 
in northern temperate forests in opposing directions across seasons, with warmer soils in 
the growing season and colder soils with greater frequency of FTC in winter (Hayhoe et 
al., 2007; Campbell et al., 2010). Our results demonstrate that in a warmer climate with a 
smaller snowpack, sugar maples are likely to incur progressively stronger damage to 
roots from repeated FTCs, but less damage to stems due to reduced rates of herbivory. 
Winter herbivory on stems of both sugar and red maple by voles was reduced with snow-
removal, suggesting that a relatively thick snowpack protects voles from predation and 
leads to increased grazing of plants, while maintaining warmer soil temperatures that 
protect roots from freezing-induced damage. Therefore, projected reductions in snow 
depth could have opposing effects on belowground and aboveground processes, by 
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reducing herbivory rates on aboveground plant tissue, but increasing damage to roots, 
particularly for sugar maple saplings (Fig. 4.6). The greater sensitivity of sugar maple 
than red maple to soil FTCs, combined with higher growth rates and N and C uptake by 
red maple saplings, could favor the ability of red maple saplings to out-compete sugar 
maples in the future.  
To our knowledge, our study is the first to determine the combined effects of 
warming in the growing season and varying soil FTC frequency in winter on forest 
ecosystems while addressing several methodological weaknesses that have been 
identified with previous soil freeze-thaw studies (Henry, 2007). For example, we induced 
a range of FTC frequency and used a duration of FTCs  (i.e., three day freeze followed by 
three day thaw) that is realistic for natural FTCs, but short enough to tease apart the 
effects of freeze-thaw frequency from longer duration soil freezing in winter (Henry, 
2007). We also used buried pots in our field experiment that allow for soil freezing to be 
induced from the top of the soil and to penetrate downward, rather than expose potted soil 
to cold air from all sides. While saplings are not a perfect proxy for the response of 
mature trees to climate manipulation (Lu et al., 2013a), we used saplings in this 
experiment to understand how this age group of plants are affected by temperature 
changes across seasons and therefore have confidence that results of this work apply to 
regenerating trees in a changing climate. 
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Belowground effects of soil freeze-thaw cycles and soil warming 
 The finding that sugar maple is susceptible to soil freezing- and FTC-induced root 
damage is consistent with previous studies demonstrating the sensitivity of sugar maple 
to reduced winter soil temperatures (Tierney et al., 2001b; Cleavitt et al., 2008; 
Comerford et al., 2013; Campbell et al., 2014). Though less sensitive to soil FTCs, red 
maple roots were damaged by snow removal and chronic soil freezing in this study, 
similar to previous studies that documented root damage of mature red maple trees 
(Sanders-DeMott et al. in review) and reduction of live root biomass following soil 
freezing in red maple dominated stands (Reinmann & Templer, 2016). It is possible that 
our measurements underestimate the magnitude of freezing-induced root damage due to 
the relatively cold soil temperatures (e.g., -2.6 °C) recorded in our reference treatment. 
The soils in this experiment were more exposed to the air than soils in a forest due to lack 
of mature trees in our study that would otherwise insulate soils, and we note that soil frost 
formed earlier and penetrated deeper in our experiment than in soils at a nearby forested 
site experiencing similar air temperatures and snow depths (Templer et al. in revision). 
Therefore, roots of both tree species in our reference and warmed treatments may have 
been damaged by freezing more than we would expect beneath a comparable snowpack 
in a forest ecosystem and therefore the difference in root damage observed between 
reference and soils with FTC may have been lower than otherwise observed. 
 The increase in soil solution N in winter with increasing FTC frequency is in 
contrast to our companion study in a mature red maple forest at HBEF where FTCs did 
not significantly alter soil solution N during the winter (Sanders-DeMott et al. in review). 
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This difference in soil solution response could be from mobilization of NO3-during thaws 
in soil, concentrations of which were ~2.5 times higher in this study than the intact soils 
in the nearby forest (Sanders-DeMott et al. in review). Sugar maple trees and saplings are 
associated with relatively rapid soil N cycling and higher rates of NO3- leaching from 
soils compared to other tree species (Templer & Dawson, 2004; Templer et al., 2005), 
and our results suggest that the effect of FTCs on sugar maple is more likely to increase 
NO3-, rather than NH4+ losses. In contrast to previous soil freezing studies (Sanders-
DeMott et al. in review; Fitzhugh et al., 2001; Campbell et al., 2014), we did not observe 
changes in soil solution N during leaf-out or the growing season, which has been 
attributed to reduced N uptake by damaged roots in other studies (Sanders-DeMott et al. 
in review; Campbell et al., 2014). The soils in our study had a relatively low root to soil 
volume ratio since the roots of only one sapling per plot were present, as opposed to a 
dense mat of roots associated with many individual trees that develops in a forest floor. 
With a smaller volume of roots influencing a given volume of soil, change in soil solution 
N concentration due to reductions in root uptake of N would be harder to detect in our 
study than in a forest floor with dense fine root growth.  Similarly, soil warming alone 
did not increase soil solution N as has been observed in prior warming studies (Bai et al., 
2013). 
 
Aboveground effects of freeze-thaw cycles and soil warming 
 Although sugar maple roots were damaged with FTCs in winter, the effects on 
aboveground responses were minimal, in contrast to previous soil freezing studies 
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documenting reduced foliar N across tree species (Li et al., 2016) and declines in 
aboveground productivity of sugar maple following soil freezing (Reinmann et al. in 
prep). Although sugar maple roots were more sensitive to FTCs, red maple displayed 
stronger aboveground responses to continuous soil freezing. The trend of increased foliar 
N for red maple saplings in the snow removal treatment is similar to recent findings that 
soil freezing increases foliar N (Sanders-DeMott et al. in review) and radial growth 
(Reinmann & Templer, 2016) for mature red maple trees. The mechanism for these 
positive responses of red maple to soil freezing is unclear, but suggests that species-
specific responses to changes in winter climate could become important drivers of tree 
species composition in the future if they translate into greater growth rates and 
dominance by red maples.  
 In contrast to previous studies, we did not observe an effect of warming on 
photosynthesis (Liang et al., 2013), stem growth (Lin et al., 2010), or litterfall (Butler et 
al., 2012). This result is surprising, but not unprecedented as there is high variability in 
the magnitude and direction of warming effects on aboveground processes such as C 
uptake among experiments (Luo, 2007). We employed soil heating cables for our 
warming treatment, which is the most common method for warming in forest ecosystems 
(Rustad et al., 2001), and influences soil rather than air temperatures. Although others 
have documented aboveground effects with soil warming only (Melillo et al., 2011), we 
cannot rule out that the lack of a stimulatory warming effect in our study on aboveground 
processes may be due to lags in aboveground responses to changing soil temperatures.  
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Effects of winter climate on herbivory 
 The unexpected and significant effect of snow depth on rates of vole herbivory on 
saplings had a stronger influence than soil freezing on aboveground responses in 2015, 
since plants with severely damaged stems failed to leaf out or quickly desiccated. 
Although much attention has been paid to effects of changes in snow depth as they 
directly affect plants through changing soil temperature (Li et al., 2016), our results 
highlight the important influence of higher order trophic interactions on biogeochemical 
cycling of N and C with changing winter conditions. Though we did not measure 
aboveground responses of severely damaged trees in 2015, the failure of the first leaf 
flush that we observed in both species due to stem herbivory likely caused reduced rates 
of N and C uptake by these saplings throughout the growing season and could increase N 
mobility in the short term by adding decaying plant organic matter to the soil (Sirotnak & 
Huntly, 2000; Christenson et al., 2014). Red maple saplings produced new shoots from 
beneath stem damage that grew to the height of the original stem within one growing 
season. Sugar maple on the other hand, in addition to being more heavily browsed by 
voles, produced only a few large leaves at the base of the stem below the height of 
herbivory damage and displayed slower recovery than red maples.  
The preference of voles for sugar maple over red maple in this study indicates that 
reductions in browsing with reduced snow depth over the next century could have a 
stronger positive effect on sugar maple saplings than red maples. We note that an 
experiment in an open field is not a perfect representation of natural sapling 
establishment and animal behavior in a forest understory, particularly in regard to the 
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relative importance of snow cover as visual protection from predators. However, previous 
studies have shown that winters with deep snowpack are positively correlated with over 
winter survival of voles in northern forests (Boonstra & Krebs, 2012) and increased ice at 
the soil surface resulting from aboveground FTCs or rain on snow events reduces vole 
browsing activity (Korslund & Steen, 2006; Stien et al., 2012). Therefore, our results 
show that projected changes in climate, including reductions in snow depth and duration, 
could negatively affect the ability of voles to browse in winter, which could have positive 
effects on the regeneration, growth, and C and N uptake of maple saplings. However, in a 
future with less snow, increased frequency of soil FTC could outweigh the benefit of 
reduced herbivory to damage roots of sugar maple saplings.  
 
Implications for future forest species and N and C cycling 
 Results of this study suggest that declining depth and duration of snowpack will 
lead to increased damage to roots of sugar maple trees that are not offset by warming in 
the growing season, while red maple appears to be more tolerant of freezing damage and 
also not affected by warmer temperatures. The variation in responses to soil freezing 
among tree species could impact tree species trajectories in the future by exacerbating 
sugar maple decline and favoring red maple in the region. Increasing FTCs could also 
increase over-winter losses of N from soils, the form of which may depend on species 
composition. In contrast, the effects of changes in soil temperature alone are unlikely to 
alter N or C uptake by sugar maple and red maple saplings, at least in the short term.  
However, in a future with less snow, rates of over-winter herbivory by voles are likely to 
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decline since a deep snowpack provides protection and insulation to small rodents. This 
reduction in herbivory damage could potentially offset the negative effects of the 
increased frequency of soil FTCs on sugar maple saplings. The trajectory of sugar maple 
and red maple populations in this region is likely to be influenced by the net effects of the 
root damage they incur from soil FTCs in winter and reductions in vole herbivory that 
could benefit sugar maple saplings and. The unexpected relationship observed between 
herbivory damage and snow depth demonstrates the importance of understanding 
feedbacks between trophic levels and climate change that shape forest tree species 
composition and function. 
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Table 4.3. Soil solution nitrogen during the growing season of 2014 (June 26 - October 
30) only as NH4+, NO3-, and total DIN measured by ion exchange resin bags by 
treatments and species.  The b.d. notation indicates that values were below detection limit 
(0.01 mg L-1). Values are means with standard error in units of µg N g resin-1 day-1. b.d. 
indicates below detection (< 0.01 mg L-1) 
 2014   
 NH4+ NO3- DIN 
Growing Season    
 Sugar Maple    
 Reference b.d. 0.19 ± 0.06 0.19 ± 0.06 
 Warmed b.d. 0.49 ± 0.33 0.49 ± 0.33 
 Warmed + 2 FTC b.d. 1.33 ± 0.29 1.33 ± 0.29 
 Warmed + 4 FTC b.d. 0.35 ± 0.28 0.35 ± 0.28 
 Warmed + 6 FTC b.d. 0.57 ± 0.13 0.57 ± 0.13 
 Warmed + 8 FTC b.d. 0.25 ± 0.07 0.25 ± 0.07 
 Snow Removal b.d. 1.56 ± 0.48 1.56 ± 0.48 
 Red Maple    
 Reference b.d. 0.25 ± 0.05 0.25 ± 0.05 
 Warmed b.d. 0.14 ± 0.03 0.15 ± 0.03 
 Warmed + 2 FTC b.d. 0.64 ± 0.09 0.65 ± 0.09 
 Warmed + 4 FTC b.d. 0.08 ± 0.06 0.09 ± 0.06 
 Warmed + 6 FTC b.d. 0.12 ± 0.06 0.12 ± 0.06 
 Warmed + 8 FTC b.d. 0.43 ± 0.09 0.43 ± 0.09 
 Snow Removal b.d. 0.89 ± 0.42 0.89 ± 0.42          
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Figure 4.2. Winter soil temperature at 10 cm depth by treatment during (a) 2013-2014 
and (b) 2014-2015 winters with shaded regions representing snow removal period. 
Growing season soil temperature in (c) 2014 and (d) 2015 by treatment with mean of all 
warmed + FTC treatments. 
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Figure 4.3. Relationship between experimental treatment and (a) root damage or (b) 
winter soil solution N, for sugar maple (top) and red maple (bottom) saplings across 
growing seasons 2014 and 2015. Dotted line indicates statistically significant log-linear 
relationship to FTC frequency and R2m refers to the marginal R2 value of the linear mixed 
effects model. Shaded region represents treatments included in the FTC frequency 
analysis. Different letters represent statistically significant differences among treatments, 
with all warmed + FTC treatments binned. 
 
 
 
 
 
 
 
 
 
a)  b)  
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Figure 4.4. Photograph of overwinter herbivory stem damage on a sugar maple sapling at 
snowmelt in April 2015. Bracket indicates where bark was removed by vole herbivory. 
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Figure 4.5. Relationship between experimental treatment and stem herbivory in winter 
2014/2015 for sugar maple (top) and red maple (bottom) saplings. Dotted line indicates 
significant linear relationship between herbivory damage and FTC frequency. 
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Figure 4.6. Relationship of stem damage aboveground (top) and root damage 
belowground (bottom) to average snow depth in winter 2014-2015 for sugar maple (left) 
and red maple (right) saplings. Dotted line indicates statistically significant linear 
relationship between snow depth and herbivory damage or root damage. Image courtesy 
of Mary Jo Hoffman. 
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Figure 4.7. Growth status of sugar maple (top) and red maple (bottom) saplings in June 
2015 following vole herbivory in winter 2014-15. 
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CHAPTER FIVE: CONCLUSIONS  
 My dissertation aims to understand how distinct manifestations of climate change 
in winter and the growing season interact to affect terrestrial ecosystem function, 
specifically in northern hardwood forest ecosystems.  Climate change over the next 
century will affect soil temperatures in northern temperate forests in opposing directions 
across seasons, with warmer soils in the growing season and colder, more variable soil 
temperatures in winter. Previous research indicates that warmer temperatures in the 
growing season generally increase ecosystem uptake and storage of carbon (C) and 
nitrogen (N), whereas a smaller snowpack and colder soils in winter reduce rates of 
ecosystem nutrient cycling and can slow plant growth. My review and synthesis of the 
literature on experimental climate manipulations around the globe (Chapter 2) 
demonstrated that there is a gap in our experimental understanding of how climate 
change in the growing season interacts with climate change in winter to affect ecosystem 
function.  Although 67% of climate manipulation studies have been conducted in 
seasonally snow covered ecosystems, only 14% of those studies take into account the 
projected effects of climate on soil temperatures as mediated through changes to the 
depth and duration of winter snowpack.  The few experiments that employ distinct winter 
warming are distributed among tundra, forest, and grassland ecosystems and provide 
evidence that incorporating distinct changes in winter climate into ecosystem-scale 
climate change experiments can provide new insight into ecosystem response to warming 
that would not be evident from examining changes in the growing season alone.   
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 Next, I demonstrated that the future ability of trees to take up and retain N in 
northern hardwood forest ecosystems is sensitive to climate change in both the winter and 
growing season. My two year climate change experiment in a mature maple dominated 
forest at Hubbard Brook Experimental Forest (HBEF) in New Hampshire, USA (Chapter 
3) showed that reduction in plant uptake capacity for N caused by winter climate change 
is not offset by increased N uptake due to warming in the growing season. Rather, I found 
that growing season warming reduces N uptake capacity in the peak growing season and 
therefore, the combined effects of warming in the growing season and winter results in a 
decline in N uptake that begins during leaf-out and persists throughout the growing 
season. Despite reduced N uptake, warming and freeze-thaw cycles (FTCs) increase 
foliar N concentration of red maple trees in the peak growing season. Together, these 
findings show that the combined effects of climate change across seasons have the 
potential to impact ecosystem dynamics in northern hardwood forests through increased 
root damage and potential soil N losses as well as altered plant foliar allocation of 
nutrients. These results demonstrate the importance of evaluating climate change across 
seasons since responses to climate change are not uniform across the year: early growing 
season N responses (i.e., reduced root N uptake and increased soil solution N) are driven 
by winter soil FTCs, while peak growing season responses (i.e., reduced root N uptake 
and increased foliar N) are influenced by growing season warming.   
 Finally, I showed that not only is winter climate change important for 
understanding ecosystem responses to projected changes in climate, but the magnitude of 
changes in winter have important implications for both biogeochemical cycling and 
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ecological relationships across trophic levels for northern hardwood forest tree species.  
In my two-year mesocosm experiment at HBEF to examine the effects of warming in the 
growing season combined with a range of snow depths and soil FTC frequencies in 
winter on sugar maple and red maple saplings (Chapter 4), I found that a smaller 
snowpack and increased frequency of soil FTCs in winter led to greater root damage in 
sugar maple and increased nitrogen in soil solution associated with both sugar maple and 
red maple. In contrast to these belowground dynamics, aboveground plant properties such 
as foliar nitrogen, rates of carbon uptake via photosynthesis, stem growth, and litterfall 
production were not affected by snow removal or soil FTC frequency for either species. 
Unexpectedly, snowpack reduction led to decreased rates of stem herbivory by voles in 
winter, suggesting that in the future a smaller snowpack will lead to reductions in 
herbivory damage to aboveground plant tissue, which could offset root damage induced 
by soil FTC. These results demonstrate that predicting the interactive effects of climate 
change across seasons on the role of plants in ecosystem nitrogen and carbon cycling 
requires an understanding of feedbacks between trophic level interactions and 
biogeochemical cycling. 
 
Conclusions and Implications 
 Climate change poses a significant threat to the current strength of C and N sinks 
in terrestrial ecosystems. Although winter climate change has often been overlooked in 
many climate manipulation experiments, experiments that have considered distinct winter 
changes demonstrate the importance of doing so to better predict the integrated responses 
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of seasonally snow covered ecosystems to projected climate change across seasons. By 
examining the response of mature forest trees to simulated climate change in both the 
growing season and winter, I found that interacting effects of climate change across 
seasons have the potential to impact ecosystem dynamics in ways that would not be 
evident from examining one season alone. Further, I found that shifts in plant function 
due to winter climate change are mediated through a combination of changes in snow 
depth, soil temperature, and plant-herbivore interactions that differentially affect above- 
and belowground plant components. These unexpected results highlight the feedbacks 
between trophic levels that shape forest function and demonstrate the need for 
considering climate change across seasons in global change experiments to determine 
how N and C cycling will change in the future. These findings would not be evident from 
examining either the growing season or winter in isolation.   
 
Future Research Directions 
 In summary, the results of my dissertation highlight the need for greater 
understanding of the interacting effects of distinct manifestations of climate change 
across seasons. To reduce uncertainty in our projections for the future of terrestrial C and 
N sinks, particularly in high latitude and high elevation seasonally snow covered 
ecosystems, researchers should draw on the methods established for experimental 
warming in both the winter and snow-free season to create new, cross-seasonal 
experiments encompassing geographic regions subject to distinct climate change in 
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winter.  By examining the distinct effects of climate change in winter combined with 
warming in the snow-free season, we can better project the integrated responses of 
ecosystems to future climate change.  
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Sanders-DeMott R and PH Templer Effects of warmer temperatures and a smaller winter 
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Meeting of the Ecological Society of America. Baltimore, MD (oral presentation, 
August 2015) 
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Sanders-DeMott R and PH Templer. Effects of climate change across seasons on 
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